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ABSTRACT
The e f f e c t s  o f  c h l o r i n a t e d  s e a  w a t e r  on t h e  b l u e  c r a b ,
C a U l n a e  t e a  s a p i d u s  R a t h b u n ,  w e re  e v a l u a t e d  t h r o u g h  m easu re m en ts  of  
a c u t e  t o x i c i t y ,  s e ru m  c o n s t i t u e n t s  ( p r o t e i n ,  t o t a l  n i n h y d r l n  p o s i t i v e  
s u b s t a n c e s ,  c h l o r i d e ,  o s m o t i c ,  s o d i u m ,  p o t a s s i u m ,  c a l c i u m ,  and 
m a g n e s iu m  c o n c e n t r a t i o n s ) ,  oxygen  c o n s u m p t i o n  and  v e n t i l a t i o n  r a t e s  in  
w h o le  c r a b s ,  a n d  oxygen  c o n s u m p t i o n  o f  e x c i s e d  g i l l s .  H i s t o l o g i c a l  
e x a m i n a t i o n  o f  g i l l s  was  a l s o  p e r f o r m e d .
The 9 6 - h r  LC50 f o r  f e m a l e  b l u e  c r a b s  e x p o s e d  t o  c h l o r i n a t e d  aea 
w a t e r  a t  21*C a n d  14 ° / o o  was 0 , 8 6  a g C l j / l  CIO ( c h l o r i n e  i n d u c e d  
o x i d a n t s ) .  The  v a l u e  f o r  m a le s  u n d e r  s i m i l a r  c o n d i t i o n s  was 
0 . 6 4  mgCl2 / l  CIO. M o r t a l i t y  was  uncommon b e lo w  0 . 6 1  m g C l ^ / l ,  b u t  
r e a c h e d  100Z w i t h  a s  l i t t l e  a s  1 . 1 5  n g C l 2 / l .
E x p o s u r e  o f  a d u l t  f e m a l e s  t o  0 .  79 m g C ^ / l  CIO f o r  two h o u r s  In  a 
f l o w - t h r o u g h  r e s p l r o m e t e r  c a u s e d  d e c r e a s e s  In  oxygen  c o n s u m p t io n .
T h e s e  d e c r e a s e s  w e re  i n t e r p r e t e d  a s  s h o r t - t e r m  r e a c t I o n a  t o  s e n s i n g  
t h e  c h l o r i n a t e d  w a t e r ,  s i n c e  9 6 - h r  e x p o s u r e s  o f  c r a b s  t o  0 . 9 9  mgCl^A  
CIO c a u s e d  no  c o n s i s t e n t  c h a n g e s  i n  s t a t i c a l l y  m e a su re d  oxygen 
c o n s u m p t i o n  o f  w h o l e  c r a b s  o r  e x c i s e d  g i l l s  r e l a t i v e  t o  c o n t r o l s .  In 
a d d i t i o n ,  e x c e p t  f o r  s h o r t - t e r m  r e a c t i o n s ,  t h e  same l e v e l s  o f  CIO had 
no  e f f e c t s  on  c r a b  v e n t i l a t i o n  r a t e s .  H i s t o l o g i c a l  e x a m i n a t i o n  o f  
g i l l s  r e v e a l e d  no o b s e r v a b l e  damage f r o m  e x p o s u r e  t o  CIG.
CIO l e v e l s  r a n g i n g  f ro m  0 . 3 6  t o  1 . 0 4  m g C l j / l  had no 
c o n s i s t e n t  e f f e c t s  on  a n y  o f  t h e  s e ru m  c o n s t i t u e n t s ,  except f o r  
m a g n es iu m .  H y p o r e g u l a t i o n  o f  t h i s  i o n  was  d i s r u p t e d  ( se rum  magnesium 
c o n c e n t r a t i o n  I n c r e a s e d  r e l a t i v e  t o  c o n t r o l s  and a p p ro a c h e d  e x t e r n a l  
medium l e v e l s )  d u r i n g  9 6 - h r  e x p o s u r e s  o f  c r a b s  t o  CIO l e v e l s  o f  
0 . 4 7  m g C l ^ / l  and  h i g h e r .  The m a g n i t u d e  o f  t h e  effect was d i r e c t l y  
r e l a t e d  t o  d o s e .  The e f f e c t  o f  CIO on  b l u e  c r a b  se rum magnesium i s  
t h e  same a s  t h a t  found  f o r  o t h e r  c r a b s  e x p o s e d  t o  CIO and c h l o r i n a t e d  
h y d r o c a r b o n  p e s t i c i d e s .  I t  I s  h y p o t h e s i s e d  t h a t  i n c r e a s e d  serum 
magnes ium  l e v e l s  i n t e r f e r e  w i t h  n e u r a l  a c t i v i t y ,  c a u s i n g  d e a t h .
S i n c e  m a gnes ium  r e g u l a t i o n  i n  t h e  b l u e  c r a b  o c c u r s  a t  t h e  
b l a d d e r  w a l l ,  t h e  I m p l i c a t i o n  l a  t h a t  CIO a c t s  on t h e  c r a b  a t  t h i s  
i n t e r n a l  s i t e .  T h i s  p o s s i b i l i t y  com pounds  t h e  a l r e a d y  d i f f i c u l t  
p r o b le m  o f  t o x i c a n t  i d e n t i f i c a t i o n  when u s i n g  CIO.
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THE EFFECTS OF CHLORINATED SKA WATER 
ON THE BLUE CRAB, CALLINECTES SAPIDUS
INTRODUCTION
C h l o r i n a t i o n  o f  c o a s t a l  and e s t u a r i n e  w a t e r *  r e s u l t s  p r i m a r i l y  
f rom w a s t e w a t e r  d i s i n f e c t i o n  and  b i o f o u l i n g  c o n t r o l  i n  e l e c t r i c  power 
p l a n t  c o o l i n g  s y s t e m s  ( B l o c k  e t  a l . ,  1 9 7 7 ) .  C o a s t a l  and e s t u a r i n e  
s i t i n g  o f  b o t h  p r i m a r y  s o u r c e s  i s  i n c r e a s i n g ,  and t h e r e  i s  a p r o j e c t e d  
l a r g e  i n c r e a s e  i n  c h l o r i n e  a p p l i c a t i o n  t o  s a L t w a t e r  e n v i r o n m e n t s  w i t h  
t h e  d e v e l o p m e n t  o f  o c e a n  t h e r m a l  e n e r g y  c o n v e r s i o n  t e c h n o l o g y  
( H a m i l t o n ,  1 9 7 8 ) .  Whi le  s u b s t i t u t e s  f o r  t h e  a p p l i c a t i o n  o f  c h l o r i n e  
i n  t h e s e  f a c i l i t i e s  a r e  b e i n g  i n v e s t i g a t e d ,  no  f e a s i b l e  a l t e r n a t i v e  to  
c h l o r i n a t i o n  hflH y e t  b e e n  f o u n d ,  e x c e p t  f o r  s p e c i a l  s i t u a t i o n s  (W h i t e ,  
1 9 7 6 ) .  The r e s u l t  i s  a  p o t e n t i a l  f o r  an i n c r e a s e d  e n v i r o n m e n t a l  
h a z a r d  from c h l o r i n a t i o n .  E f f o r t s  a r e  u n d e rw a y  t o  a s s e s s  t h i s  h a z a r d  
( J o l l e y ,  1976 ;  JoL l e y  e t  a l . , 1 9 7 8 a ;  Block  a n d  H e l s ,  1 9 7 7 ) .
The t o x i c i t y  o f  c h l o r i n e  ( h e r e a f t e r  r e f e r r e d  t o  as  
c h l o r i n e - i n d u c e d  o x i d a n t s  o r  CIO) i n  f r e s h  and s a l i n e  w a t e r s  t o  f i s h  
and i n v e r t e b r a t e s  h a s  b e e n  amply  d e m o n s t r a t e d  ( s e e  r e v i e w s  by B ru n g s ,  
1973,  1976;  ( l a t t i c e  and Z i t t e L  , 1 9 7 6 ) ,  and i s  t h e  s u b j e c t  o f  much
r e c e n t  l i t e r a t u r e .  T r a d i t i o n a l  i n t e r e s t  h a s  f o c u s e d  on  l e t h a l  L i m i t s  
and c h r o n i c  e f f e c t s  on  g r o w t h ,  r e p r o d u c t i o n ,  a c t i v i t y ,  and b e h a v i o r .
More r e c e n t  s t u d i e s  h a v e  e x p l o r e d  p h y s i o l o g i c a l  and h i s t o l o g i c a l  
a s p e c t s  o f  CIO t o x i c i t y .  E m p h a s i s  i n  t h e s e  s t u d i e s  h a s  b e e n  p l a c e d  on 
f i s h ,  and a v i d e  v a r i e t y  of  p h y s i o l o g i c a l  and h i s t o l o g i c a l  r e a c t i o n s  
t o  CIO h a s  b e e n  n o t e d .  E f f e c t s  i n  f r e s h  w a t e r  and  s e a  w a t e r  a r e  
s i m i l a r  and a p p e a r  t o  r e s u l t  from t h e  d i r e c t  a c t i o n  o f  CIO on g i l l s ,
2
3a s  v e i l  a s  e n t r y  o f  CfO i n t o  t h e  an t u l a .  V i s i b l e  g i l l  damage h i*  
b e e n  found i n  Worone s a x a t i l j a  ( H id d a u g h ,  Couch and  C r a n e ,  1 977 ) ,  
O n c h o rh y n c h u a  n a r k s  ( S e r v i c i  and M a r t e n s ,  1 9 7 4 ) ,  C u b u a i a  a f f i n i s  
(C ohen  and V a l e n s u e  1« ,  1 9 7 7 ) ,  L e i o B t a m j a  x a n t h u r u *  (H id d a u g h ,  Crane 
a n d  Couch,  1 9 7 7 ) ,  L e p o n i ■ m a c r o c h i r u a , and Balmo g a i r d n e r i  (Bass e t  
a l . ,  1 9 7 7 ) .  G i l l  damage h a t  b e e n  r e f l e c t e d  or  s u g g e s t e d  in a v a r i e t y  
o f  f i a h  by c h a n g e s  i n  r e s p i r a t o r y  a c t i v i t y  (D andy ,  1972;  Bata  and 
H e a t h ,  1977;  C ap u tco  e t  a l , ,  1977)  and i o n i c  and o s m o t i c  b a l a n c e  
( Y a s h a  and C o h e n ,  1979 ;  K a t t ,  1979;  Z i e t o u n  e t  a l . ,  1 9 7 7 ;  Z e i t o u n ,  
1 9 7 8 ;  Block  e t  *1 ,  , 1 9 7 8 ) .  D eath  h a t  t r a d i t i o n a l l y  been a t t r i b u t e d  to  
s u b s e q u e n t  h y p o x i a .
T h e r e  i t  e v i d e n c e  t h a t  i n  some f i s h  t h e  t o x i c  a c t i o n  o f  CIO i s  
n o t  r e l a t e d  t o  t h e  d i s r u p t i o n  o f  g i l l  f u n c t i o n .  For e x a m p le ,  l e t h a l  
l e v e l s  of  CIO n a y  n o t  a f f e c t  oxygen  c o n a im p t  ion  i n  C a t o s t o m a  
c g a m e r s o n i  ( F o b e s ,  1971) o r  G a a b u i i a  a f f i n i s  (K atz  and Cohen,  1975) .  
The  i m p l i c a t i o n  i a  t h a t  CIO e n t e r s  a t  l e a s t  some f i s h  and a c t a  
d i r e c t l y  on t h e  i n t e r n a l  o r g a n s .  Fobes  ( 1 9 7 1 )  h y p o t h e s i s e d  t h a t  CIO 
e n t e r s  C a t o a to m u a  t h r o u g h  th e  g i l l s  and  a t t a c k s  t h e  n e r v o u s  s y s tem .
The o c c u r r e n c e  o f  t r e m o r s  i n  Horone exposed  t o  CIO l e n d s  s u p p o r t  to  
t h i s  a rg u m e n t  ( H i d d a u g h ,  Couch and C r a n e ,  1 9 7 7 ) .  In  a d d i t i o n ,  
s c o l i o s i s ,  p r e s u m a b l y  f rom c o n v u l s i o n s ,  h a s  been  found i n  Morone 
e x p o s e d  t o  CIO i n  t h e  L a b o r a t o r y  (M id d au g h ,  Couch and  C r a n e ,  1977) as 
v e i l  a s  in  a v a r i e t y  o f  f i s h  t h o u g h t  t o  have  been  e x p o s e d  in  the  f i e l d  
( B e l  Lanea and B a i l e y ,  1 9 7 7 ) .
4E f f e c t !  on  o t h e r  i n t e r n a l  s y s t e m  h a v e  b e e n  fo u n d .  S e v e r a l  
s t u d i e s  have d e m o n s t r a t e d  th e  f o r m a t i o n  o f  n e t  h e m o g lo b in  ( F e +^-HGB) in  
f i s h  exposed t o  CIO ( E a t o n  e t  a l . ,  1973'  G r o t h e  and E a t o n ,  1975;
Buckley,  1976;  Buckley e t  a l . ,  1 9 7 6 ;  Z e i t o u n ,  1977,  197H; Base and 
Hea th ,  1977; B l o c k ,  1 9 7 7 ) .  O t h e r  e f f e c t !  i n c l u d e  h e p a t i c  n e c r o s i s  
(Bass e t  « L , , 1977)  and a v a r i e t y  o f  c h a n g e h i n  b lo o d  p a r a m e t e r ! ,  
which may be t h e  r e m i t  o f  th e  d i r e c t  a c t i o n  o f  CIO o r  s e c o n d a r y  
e f f e c t s  from l o s s  of  o s m o t i c  i n t e g r i t y  a t  t h e  g i l l  (B u c k le y  e t  a l , ,
1976; Z e i to u n ,  1977,  197B; Baas and  H e a th ,  1977; Z e i t o u n  e t  a l . ,  1977;  
Block ,  1977; B lo c k  e t  a l . ,  197A).
I n v e s t i g a t i o n s  o f  t h e  p h y s i o l o g i c a l  and h i s t o l o g i c a l  e f f e c t s  o f  
CIO on i n v e r t e b r a t e *  a r e  s c a r c e .  Capuz io  e t  a l .  ( 1 9 7 6 )  and Capuzzo 
(1977)  d e m o n s t r a t e d  r e d u c t i o n s  i n  r e s p i r a t o r y  r a t e s  o f  Homaru* 
americaniis  l a r v a e  exposed  t o  CIO. Block  (1 9 7 7 )  i m p l i e d  t h a t  e x p o s u r e  
t o  CIO a l t e r s  enzyme a c t i v i t i e s  and  m u sc le  f r e e  amino a c i d  l e v e l s  in  
C r a s a o a t r e a  v i r g i n i c a . he a l s o  i n d i c a t e d ,  w i t h o u t  s u p p o r t i n g  d a t a ,  
t h a t  f r e e  a i i n o  a c i d s  in  h y p e r r e g u l a t i n g  C a l l i n e c t e s  s a p i d u s  d e c r e a s e  
in muscle and i n c r e a s e  i n  b lood  on  e x p o s u r e  t o  CIO, c o n c o m i t a n t  w i t h  
d e c r e a s e s  in  b l o o d  o s m o l a r i t y , c h l o r i d e ,  sod i n n ,  and p o t a s s  i n n .  The 
t r e n d s  seem t o  r e f l e c t  a b reakdow n i n  o s m o r e g u l a t i o n  i n  t h e  c r a b .  
S i m i l a r l y ,  m a g n e s i i n  and sodiian r e g u l a t i o n  i n  C a n c e r  p r o d u c t  us i s  
e s s e n t i a l l y  a b o l i s h e d  a t  h i g h  CIO L e v e l s .  The a p p a r e n t  c o u p l i n g  o f  
the e f f e c t  on t h e s e  two i o n s  s u g g e s t s  d i s r u p t i o n  o f  b l a d d e r  f u n c t i o n  
(K o e s i j a d i  e t  a l . ,  1 979 ) ,
5I t  i a  a p p a r e n t  t h a t  t h e  n o d e  o f  a c t i o n  o f  CIO on  a q u a t i c  an i .ua15  
i s  v a r i e d .  The p r im a r y  e f f e c t  i n  f i s h  l e w  t o  he o x i d a t i v e  damage t o  
g i l l s  w i t h  s u b s e q u e n t  r e s p i r a t o r y  o r  o s m o r e g u l a t o r y  f a i l u r e .  
A l t e r n a t i v e l y ,  i n t e r n a l  s y s t e m s  may be a f f e c t e d  d i r e c t l y .  D i f f e r e n c e s  
n a y  r e s u l t  f rom r e l a t i v e  s e n s i t i v i t i e s  a t  d i f f e r e n t  s y s t e m s  t o  CIO.
Whether  i n t e r p r e t a t i o n s  o f  CIO e f f e c t s  on F i s h  c a n  b e  a p p l i e d  t o  the
wide  v a r i e t y  o f  i n v e r t e b r a t e  t y p e s  i s  d o u b t f u l .  H ard  e x o s V e l e t o n s t 
c u t i c u L a r i z e d  r e s p i r a t o r y  s u r f a c e s ,  and o t h e r  i n v e r t e b r a t e  a d a p t a t i o n s  
would  be e x p e c t e d  t o  c a u s e  wide  v a r i a t i o n  i n  t h e  s u s c e p t i b i l i t y  o f  
d i f f e r e n t  p h y s i o l o g i c a l  s y s t e m s  t o  CIO. The l i m i t e d  d a t a  f ro m  
i n v e r t e b r a t e s  e x p o s e d  t o  CIO a l r e a d y  s u g g e s t  u n i q u e  i n t e r p r e t a t i o n s  
( R o e a i j a d i  e t  a l , , 1 979 ) .
The s t u d y  d e s c r i b e d  h e r e i n  i a  an a t t e m p t  t o  d e t e r m i n e  
p h y s i o l o g i c a l  e f f e c t s ,  i n c l u d i n g  modes o f  a c t i o n ,  and some
h i s t o l o g i c a l  e f f e c t s  o f  CIO on  t h e  b l u e  c r a b ,  C s l 1 i n e c t e s  s a p i d u s  
K a th b u n .  The c r a b  i s  a conmon, a c t i v e ,  i n v e r t e b r a t e  i n h a b i t a n t  o f  
A t l a n t i c  C o a s t  e s t u a r i e s  ( W i l l i a m s ,  1965) a n d  l a  l i k e l y  t o  e n c o u n t e r  
c h l o r i n a t e d  e f f l u e n t s  From sewage and power p l a n t s .  The o b j e c t i v e s  o f  
t h i s  s t u d y  w e re  t o  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  on  t h e  p h y s i o l o g i c a l  
e f f e c t s  o f  CIO on an i n v e r t e b r a t e  a n im a l  and  t o  d e t e r m i n e  p o s s i b l e  
e f f e c t s  o f  s e a w a t e r  c h l o r i n a t i o n  on a  c o m m e r c i a l l y  i m p o r t a n t  s p e c i e s .  
E f f e c t s  o f  CIO were  a s s e s s e d  t h r o u g h  a c u t e  t o x i c i t y  t e s t s ,  t h r o u g h  
d e t e r m i n a t i o n  o f  s e l e c t e d  serum c o n s t i t u e n t  l e v e l s ,  oxygen  c o n s i m p t i o n  
o f  w ho le  c r a b s  and e x c i s e d  g i l l s ,  a n d  v e n t i l a t i o n  r a t e s  and by 
h i s t o l o g i c a l  e x a m i n a t i o n  o f  g i l l s .
ACUTE TOXICITY
I n t r o d u c t i o n
W hi le  L e t h a l  U n i t s  of  c h l o r i n e - i n d u c e d  o x i d a n t s  (CIO) h a v e  been  
d e t e r m i n e d  f o r  a v a r i e t y  o f  m a r i n e  f i s h  and  i n v e r t e b r a t e s  (B ru n g a ,  
1 9 7 3 ,  1976 '  M a t t  i c e  and Z i t t e l ,  1 9 7 6 ) ,  v a l u e s  f o r  d e c a p o d  c r u s t a c e a n s  
a r e  s c a r c e .  E x i s t i n g  l e t h a l  l i m i t s  f o r  d e c a p o d s  c o n s i s t  o f  d a t a  from 
a d u l t  s h r im p  ( R o b e r t a  e t  a l . ,  1975 ;  McLean,  1973) and Larvae and 
j u v e n i l e s  o f  o t h e r  a p e c i e s  (Capuxao e t  a l * ,  1976;  R o b e r t s  e t  a l * ,
1979 ;  R o b e r t a ,  1979)* E x c e p t  f o r  a s u g g e s t i o n  by R o e s i j a d i  e t  a l .
( 1979)  t h a t  t h e  9 6 - h r  LC50 f o r  a d u l t  C a n c e r  p r o d u c t  us  i s  be tween  1.2 
and 1 . 4  m g C l j / l ,  d e t e r m i n a t i o n s  o f  CIO t o x i c i t y  h a v e  n o t  b e e n  made f o r  
a d u l t s  o f  l a r g e  c o m a e r c i a l l y  i m p o r t a n t  d e c a p o d s .
F o r  t h i s  r e a s o n ,  e x p e r i m e n t s  w e re  p e r f o r m e d  t o  d e t e r m i n e  l e t h a l  
l i m i t s  o f  CIO f o r  a d u l t  b l u e  c r a b s ,  C a l l i n e c t e s  s a p i d u a . Th is  
i n f o r m a t i o n  was n e c e s s a r y  t o  d e t e r m i n e  l e v e l s  o f  CIO a p p r o p r i a t e  f o r  
f u t u r e  p h y s i o l o g i c a l  i n v e s t i g a t i o n s *  In  a d d i t i o n ,  i t  was f e l t  t h a t  
d e t e r m i n a t i o n  o f  L e t h a l  l i m i t s  o f  CIO f o r  a d u l t  c r a b s  would complement 
s t u d i e s  on j u v e n i l e s  ( R o b e r t s  e t  a l . ,  1 9 7 9 ) .  The c o m p lem e n ta ry  d a t a  
s h o u l d  p r o v i d e  i n s i g h t  i n t o  t h e  p o t e n t i a l  t o x i c i t y  o f  CIO t o  b lu e  
c r a b s  in  t h e  e n v i r o n m e n t .
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7Method*
Eagerirental Animil*
Adult  b l u e  c r a b s  ( f e m a l e s  112-1&4 mn; m a l e *  1 2 2 -1 7 3  am lo n g  
w i d t h )  were o b t a i n e d  from t h e  C h e s a p e a k e  Bay p o t t i n g  f i s h e r y *  The 
n a t u r e  o f  t h e  f i s h e r y  makes  i t  d i f f i c u l t  t o  be  a c c u r a t e  a b o u t  t h e  
t e m p e r a t u r e  and s a l i n i t y  r e g i m e s  f rom  which  t h e  c r a b s  w ere  t a k e n .
B e s t  e s t i m a t e s  o f  s a l i n i t i e s  a n d  t e m p e r a t u r e s  a t  t h e  c o l l e c t i o n  s i t e  
a r e  20-25 ° / q q  a n d  20 -30*C ,  r e s p e c t i v e l y .
A l l  c r a b s  w e r e  h e l d  7 - 1 4  d a y s  p r i o r  t o  e a c h  e x p e r i m e n t .  C r a b s  
w ere  h e l d  e i t h e r  i n  f l o w in g  York  R iv e r  w a t e r  a t  a m b ie n t  t e m p e r a t u r e s  
( 2 0 ’ 30 'C)  o r  in r e c i r c u l a t e d  w a t e r  h e l d  a t  room  t e m p e r a t u r e  
( 2 0  *5 ' 2 7 ’c )  . The  r e c i r c u l a t e d  w a t e r  was c o n t i n u o u s l y  f i l t e r e d  t o  
5 - 1 0  pm. A p p r o x i m a t e l y  o n e - t h i r d  o f  i t  was r e p l a c e d  d a i l y  w i t h  5 pm 
f i l t e r e d  York R i v e r  w a t e r  ( 1 7 . 4 - 2 4 * 6  ° y c c ) .  A l l  c r a b s  w e re  f e d  squid 
d a i l y ,  and t h e i r  c l a w s  w ere  w r a p p e d  t o  p r e v e n t  c a n n i b a l i s m .  They h a d  
no a p p a r e n t  f e e d i n g  p r o b l e m s .
E x p o s u r e  Sys tem
The e x p o s u r e  s y s t e m  w as  a c o n t i n u o u s  f l o w  s y s t e m ,  c o n s i s t i n g  o f  
a b a s i c  d i l u t o r  and t e s t  c h a m b e r s .
The b a s i c  d i l u t o r  s y s t e m  i s  shown in  F i g u r e  1 ( m o d i f i e d  f rom  
R o b e r t s  e t  a l > ,  1 9 7 9 ) .  York R i v e r  d i l u e n t  w a t e r  was pumped v i a  PVC 
p i p e  i n t o  t h e  l a b o r a t o r y  t h r o u g h  10 p m OAF f i l t e r  bags  (A) a n d  i n t o  a 
r e s e r v o i r  (B ) .  A b o o s t e r  pump (C)  was t h e n  u s e d  t o  pump t h e  f i l t e r e d
aFIGURE 1,  Schem atic r e p r e s e n ta t io n  of d i l u t o r  sy stem  (m o d if ied  from 
R o b erts  e t  a l * ,  1979).
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9w a t e r  i n t o  a P l e x i g l a s  d i l u e n t  h e a d e r  t a n k  { 0 ) .  O v e r f l o w  f rom  t a n k  
(D) was r e t u r n e d  t o  t h e  r e s e r v o i r  ( B ) .  D i l u e n t  was d e l i v e r e d  t n  a  
s e r i e s  o f  p o l y e t h y l e n e  o r  P l e x i g l x s  m i x i n g  b o x e s  ( E )  b y  means  o f  
a i p h o n e  c a l i b r a t e d  t o  s p e c i f i e d  f l o w  r a t e * .  The w a t e r  wae c h l o r i n a t e d  
i n  t h e  n i x i n g  boxea  by u s i n g  a H a r v a r d  p e r i s t a l t i c  p u p  ( F )  t o  i n j e c t  
s t a c k  s o l u t i o n s  o f  C a ( O C l ) 2 ( i n  d e i o n i s e d  w a t e r )  (C) a t  p r e d e t e r m i n e d  
f lo w  r a t e s .  The c h l o r i n a t e d  York R i v e r  w a t e r  was  t h e n  d e l i v e r e d  t o  
t h e  t e a t  cham ber*  t h r o u g h  g l a s s  d e l i v e r y  t u b e s .  V a r i o u s  demands  f o r  
t o t a l  f low  and CIO c o n c e n t r a t i o n  c o u l d  be  m e t  by c h a n g i n g  d i l u e n t  
f low* t o x i c a n t  f l o w ,  s t o c k  c o n c e n t r a t i o n ,  o r  a c o m b i n a t i o n  o f  t h e s e .
In  w i n t e r  t h e  d i l u e n t  w a t e r  w as  p r e - h e a t e d  s e v e r a l  d e g r e e s  i n  a 
h e a t - e x c h a n g e r  p r i o r  t o  e n t e r i n g  t h e  r e s e r v o i r .  S u b s e q u e n t  h e a t i n g  t o  
d e s i r e d  t e m p e r a t u r e s  was a c c o m p l i s h e d  by u s i n g  f o u r  t h e r m o s t a t i c a l l y  
c o n t r o l l e d  1 0 0 0 - w a t t  i n v e r s i o n  h e a t e r s  in  t h e  d i l u e n t  h e a d e r  t a n k .  To 
p r e v e n t  damage t o  t h e  p l a s t i c  h e a d e r  t a n k  i n  t h e  e v e n t  o f  w a t e r  punp 
f a i l u r e ,  t h e  im m ers ion  h e a t e r s  w ere  c o n n e c t e d  t o  a f l o a t  s w i t c h  w h ic h  
t u r n e d  them o f f  i f  t h e  w a t e r  l e v e l  i n  t h e  h e a d e r  t a n k  f e l l  more t h a n  a 
few m i l L i m e t e r a ,  The p e r i s t a l t i c  pump was c o n n e c t e d  t o  t h e  same 
s y s t e m  t o  p r e v e n t  o v e r - c h l o r i n a t i o n .
T e s t  e h m b e r a  f o r  m o s t  o f  t h e  t o x i c i t y  t e s t s  c o n s i s t e d  o f  f o u r  
18-1  i t e r  a q u a r i a .  C h l o r i n a t e d  York R i v e r  water was i n t r o d u c e d  f rom 
i n d i v i d u a l  m ix in g  b o x e s  a t  a p p r o x i m a t e l y  300 i t l / m i n .  One e x p e r i m e n t  
u sed  tw e l v e  3 7 - l i t e r  a q u a r i a  w i t h  f lo w  r a t e s  o f  1 l i t e r / m i n *
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E x p e r i m e n t a l  P r o t o c o l
I n  t h e  l f l - l i t e r  t e a t  c h a m b e r s  f i v e  a d u l t  c r a b s  w e r e  e x p o s e d  t o  
eac h  o f  f o u r  d o s e s *  i n c l u d i n g  t h e  c o n t r o l *  f o r  96 h o u r s .  D oses  were  
o b t a i n e d  by d i l u t i n g  s t o c k  s o l u t i o n s  o f  v a r i o u s  c o n c e n t r a t i o n s ,  
p r e d e t e r m i n e d  t o  g iv e  t h e  d e s i r e d  CIO l e v e l s  i n  t h e  t a n k s .  S t a b l e  CIO 
l e v e l s  were  e s t a b l i s h e d  b e f o r e  c r a b s  w e re  p u t  i n t o  t h e  t a n k a .  CIO 
c o n c e n t r a t i o n s  and c r a b  m o r t a l i t i e s  were  m o n i t o r e d  t w i c e  d a i l y *  and 
f low r a t e s  i n t o  t h e  t a n k a  w e re  d e t e r m i n e d  d a i l y .  Each  e x p e r i m e n t  was 
t e r m i n a t e d  a t  t h e  end o f  96 h o u r s .  B lood  f rom s u r v i v o r s  o f  some o f  
t h e  e x p e r i m e n t s  was s a v e d  f o r  l a t e r  a n a l y s i s .
In  t h e  a e r a t e d  3 7 - l i t e r  t a n k s ,  s e p a r a t e  g r o u p s  o f  t e n  a d u l t  
f e m a le  c r a b s  w e r e  exposed  f o r  96 h o u r s  t o  e a c h  o f  s i x  d o s e s ,  
i n c l u d i n g  t h e  c o n t r o l .  D u p l i c a t e  t a n k s  c o n t a i n e d  ma le  c r a b s .  CIO 
c o n c e n t r a t i o n s ,  DO l e v e l s ,  t e m p e r a t u r e ,  a n d  s a l i n i t y  w e re  m e a s u r e d  
t h r e e  t i m e s  d a i l y .  pH and f low  r a t e s  were  m e a s u r e d  o n c e  d a i l y .  C rab  
m o r t a l i t i e s  w e re  d e t e r m i n e d  a t  p r e p l a n n e d  o b s e r v a t i o n  t i m e s .  D e a th  
( i n  a l l  e x p e r i m e n t s )  was d e f i n e d  a s  f a i l u r e  t o  r e s p o n d  t o  t a c t i l e  
s t i m u l a t i o n  o f  t h e  e y e s  and a n t e n n u l e s .
C h e m ic a l  A n a l y s e s
CIO c o n c e n t r a t i o n s  were  d e t e r m i n e d  from 50 ml w a t e r  s a m p l e s  
p i p e t t e d  i n t o  a b e a k e r  c o n t a i n i n g  1 ml pH 4 a c e t a t e  b u f f e r  and  1 ml 51 
KI s o l u t i o n .  T h i s  s m n p l in g  t e c h n i q u e  h a s  b e e n  j u d g e d  a c c e p t a b l e  by 
Goldman e t  a l .  ( 1 9 7 9 )  and e l i m i n a t e s  t h e  e r r o r s  s u g g e s t e d  by C a r p e n t e r  
e t  a l ,  ( 1 9 7 7 ) .  T o t a l  CIO was  m e a s u r e d  by a m p e r o m e t r i c  t i t r a t i o n  w i t h
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p h e n y l a r s i n e  o x i d e  (PAO) a f t e r  i o d i n a t i o n  a t  pH 4 .  A S a r ge n t - We l c h  
Hode l  P A m p e r o m e t r i c  T i t r a t a r  wax u s e d  w i t h  a F i s h e r  Reco r d*11 a t r i p  
c h a r t  r e c o r d e r ,  w h i c h  improved  r e c o g n i t i o n  o f  t h e  t i t r a t i o n  end p o i n t .  
The  e l e c t r o d e  s y s t e m  c o n s i s t e d  o f  a  r o t a t i n g  pi  a t i n u n  e l e c t r o d e  and * 
c a l o m e l  r e f e r e n c e  e l e c t r o d e ,  t h e  minimum d e t e c t i o n  l e v e l  w i t h  t h i s  
s y s t e m  wag 0 . 0 0 4  m g C L j / l  u s i n g  a p p r o x i m a t e l y  0 . 0 0 0 5 6 4  H PAO. A l l  PAO 
s o l u t i o n s  w e r e  s t a n d a r d i z e d  a g a i n s t  0 , 0 0 2 5  N K l K l O j J j *  atld 
m e a s u r e d  n o r m a l i t y  wag u s e d  i n  a l l  c a l c u l a t i o n *  o f  CIO c o n c e n t r a t i o n s .
D i s s o l v e d  oxygen  was me a s u r e d  w i t h  a YSI 50A o r  YSI 54 oxygen
m e t e r  f i t t e d  w i t h  a ADD oxygen  p r o b e .  A P e r k i n  El mer  28C pH m e t e r  was
u s e d  t o  m e a s u r e  pH. S a l i n i t i e s  were  d e t e r m i n e d  w i t h  a  Beckman RS-7B 
I n d u c t i o n  S a l i n o r a e t e r .
D a t a  A n a l y s i s
M o r t a l i t y  d a t a  f rom a l l  e x p e r i m e n t s  i n c l u d e d  so  few v a l u e s  
b e t w e e n  0 a n d  1 G0 X s u r v i v a l  t h a t  s o p h i s t i c a t e d  me t h o d s  o f  c a l c u l a t i n g  
L C 5 0 ' s  w e r e  e i t h e r  i n a p p l i c a b l e  o r  u n w a r r a n t e d  ( F i n n e y ,  1971;
Thompson,  1947;  L i t c h f i e l d  and Wi l co x on ,  1949 ) .  C o n s e q u e n t l y ,  LC50's
w e r e  d e t e r m i n e d  by r e a d i n g  d i r e c t l y  f rom * p l o t  o f  m o r t a l i t y  X v i .  log
CIO c o n c e n t r a t i o n  ( m g C l j / l ) .  Data  f rom t h e  e x p e r i m e n t s  u s i n g  t he  
1 8 - l i t e r  t a n k s  were  p o o l e d  b e c a u s e  u n a n t i c i p a t e d  wide  s p a c i n g  among 
some o f  t h e  CIO c o n c e n t r a t i o n s  p r e c l u d e d  m e a n i n g f u l  i n t e r p r e t a t i o n  o f  
t h e  r e s u l t s  f rom i n d i v i d u a l  e x p e r i m e n t s .
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B e s u l t s
H ydr og r a ph i c  d a t a  f rom a l l  exper i .nen. t a  a p p e a r  i n  T a b l e  1.
Measured CIO l e v e l *  fo r  a l l  t e s t a  r anged  f rom 0 . 1 1  t o  1 1 . 2 0  n g C ^ A -  
Tempera t u re s  d u r i n g  the t e s t s  r a n g e d  from 1 1 . 8 ' C  t o  2 l . 9 * C ,  w h i l e  
s a l i n i t i e s  r a n g e d  from 11 . 7  ° / o o  t o  17 . 6  ° / o o .
M o r t a l i t y  c u r v e s  f o r  b l u e  c r a b s  e xposed  t o  CIO were v e r y  s t e e p  
( F i g u r e s  2 and 3 ) .  M o r t a l i t y  was  uncommon b e l o w  0.61 m g C l j / l  a f t e r  
96 h o u r s  but  r e a c h e d  100X w i t h  a*  l i t t l e  a s  1 . 1 5  m g C l j / l .  F i g u r e  2 i s  
a compos i t e  of  d a t a  from t h e  f i r s t  f ou r  e x p e r i m e n t s  o u t l i n e d  in T a b l e  
1 and r e p r e s e n t s  a m i x t u r e  o f  ma le  and f ema le  c r a b s .  The 9 6 - h r  LC50 
d e r i v e d  from t h i s  d a t a  was 1 . 03  m g C ^ A  CIO. The 4 8 - h r  LC50 h i s  
1.1-8 m g Cl j / l  and t h e  2 4 - h r  v a l u e  was 3 . 30  m g C l ^ / l .  Crab m o r t a l i t y  was 
a p p a r e n t l y  u n a f f e c t e d  by t h e  l ower  t e m p e r a t u r e  ( 1 1 . 8 * 0  e n c o u n t e r e d  in 
t h e  f o u r t h  e x p e r i m e n t .  In t h e  s u b s e q u e n t  d e f i n i t i v e  e x p e r i m e n t ,
L e t ha l  c o n c e n t r a t i o n s  of  CIO were  s i m i l a r  f o r  Females  and m a l e s  a f t e r  
96 h o u r s ,  but  n o t  a f t e r  48 h o u r s .  The 9 6 - h r  LC50 was 0 , 8 6  mgCl j / L  f o r  
females  and 0 . 8 4  m g C l j / I  f o r  m a l e s  ( F i g u r e  3,  a and b ) . The 4 8 - h r  
LC50 was 0 . 97  m g C l j / l  for  f e m a l e s  and 1 . 40  m g C ^ / l  f o t  m a l e s  
( F i g u r e  3 t c and d ) ,
D i s c u s s i o n
The 48-  and 9 6 - hou r  LC50 v a l u e s  d e t e r m i n e d  f o r  a d u l t  b l u e  c r a b s  
i n  t h i s  s tudy w e r e  much h i g h e r  t h a n  t h o s e  r e p o r t e d  p r e v i o u s l y  f o r  
j u v e n i l e s .  H u b e r t s  e t  a l .  ( 1979 )  d e r i v e d  a 9 6 - h r  LC50 v a l u e  o f  
0 .  32 m g C l j / l  CIO f o r  j u v e n i l e  b l u e  c r a b t  (mean c a r a p a c e
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FIGURE 2 .  Summary o f  m o r t a l i t y  d a t a  from t e a t s  1 - 4  ( s e e  TABLE 1)- 
x "  d a ta  from t e s t  no . 4 (11 .8*C ).
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FIGURE 3 M o r t a l i t y  cu rves  f o r  r u l e  and fem ale b lu e  c ra b s  exposed  to  
CIO I n  t e s t  5 ( se e  TABLE 1)* A ■ f e m a le s ,  96 h r ;
B -  m a le s t  96 h r ;  C ■ fe m a le s * 48 h r ;  D »  m ales ,  40 h r .
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w i d t h  ■ 22.2 m ) .  The 4 0 - h r  LC5Q f o r  t h e  j u v e n i l e  c r a b s  wee 
0 . 42  mf tCl j / l  CIO, wh i l e  t h e  2 4 - h r  LC50 wee 0 . 4 4  m g C ^ / l  CIO. These  
v a l u e s  e r e  only 13 t o  431 o f  t h e  l e v e l s  d e t e r m i n e d  h e r e i n  f o r  a d u l t s  
under  comparab le  c o n d i t i o n s -  S i m i l a r  e f f e c t s  o f  a i i e / a g e  on CIO 
t o x i c i t y  have b e e n  n o t e d  f o r  o t h e r  c r u s t a c e a n s  ( H e i u l e  and Heaven,  
1977; R o b e r t a ,  1978;  R o b e r t s  e t  e l . ,  19 7 9 ) ,  and nay  r e s u l t  from t h e  
d i f f e r e n t  r e l a t i v e  p r o p o r t i o n s  o f  s u r f a c e  a r e a  a v a i l a b l e  t o  t h e  
t o x i c a n t  in d i f f e r e n t  a i x e d  a n i m a l s .
The l i m i t e d  d a t a  a v a i l a b l e  i n d i c a t e  t h a t  t e m p e r a t u r e  i n  t h e  
range o f  10-2Q*C does  not  a f f e c t  t h e  t o x i c i t y  of  CIO t o  b l u e  c r a b s .  
Th i s  phenomenon i s  c o n t r a r y  t o  most  r e p o r t s  on tub f i n e  a n i m a l s .  
S y n e r g i s t i c  e f f e c t s  be t ween  t e m p e r a t u r e  and CIO have  b e e n  found f o r  a 
v a r i e t y  of  e s t u a r i n e  f i s h  (Hoss  e t  a l , , 1977;  Middaugh,  Couch and 
Crane ,  1977; Middaugh e t  a l . ,  197 8 ) ,  and Amer ican l o b s t e r  l a r v a e  
(Capuszo e t  a l . ,  1976) ,  T h i s  s y n e r g i s m  c ou l d  n o t ,  howeve r ,  ho 
d e m o ns t r a t e d  f o r  t h e  copepod Ac a r t  i s  t o n s a . T h i s  r e s p o n s e  was 
a t t r i b u t e d  to i t s  e u r y t h e r m a l  a d a p t a t i o n .  A p p a r e n t l y  s t r o n g  
r e g u l a t i o n  of  t h e  p h y s i o l o g i c a l  r a t e s  o f  A c a r t i a  t o n s  a o v e r  a wide 
t e m p e r a t u r e  r ange  a m e l i o r a t e s  any C I O - t e m p e r a t u r e  i n t e r a c t i o n  o ve r  
t h a t  r a n g e .  A s i m i l a r  e x p l a n a t i o n  has  b e e n  used  f o r  t h e  a p p a r e n t  l a c k  
of  C l O - t e mp e r a t u r e  i n t e r a c t i o n  o v e r  c e r t a i n  t e m p e r a t u r e  r a n g e s  
o bs e r ved  in a number o f  f r e s h w a t e r  f i s h e s  ( T h a t c h e r  e t  a l ,  , J 9 7 6 K  
Thin argument  c o u l d  a l s o  be a p p l i e d  t o  t h e  r e l a t i v e l y  e u r y t h e r m a l  b l u e  
c r ab .
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The s t e e p  m o r t a l i t y  c u r v e s  For  C a l l i n a c t e a  w e r e  n o t  a n t i c i p a t e d .
A g r a d i e n t  r e s p o n s e  was e x p e c t e d .  However ,  s t e e p  m o r t a l i t y  c u r v e s  f o r  
CIO t o x i c i t y  h a v e  a l s o  b e e n  r e p o r t e d  f o r  s e v e r a l  s p e c i e s  o f  s a l t w a t e r  
f i s h  ( R o b e r t s  e t  a l . ,  1975;  T h a t c h e r ,  1978;  C a p u t  t o  e t  a l , ,  1977;
B l o c k ,  197 7 } .  The c a u s e  o f  t h i s  t y p e  o f  r e p o n s e  t o  CIO h a s  n o t  b e e n  
d e t e r m i n e d .  S i m i l a r  r e s p o n s e s  h a v e  o c c u r r e d  i n  b l u e  c r a b s  e x p o s e d  t o  
DDT (Lowe,  1965 ;  Mahood e t  a l . ,  197 0 } ,  T h i s  i s  i n t e r e s t i n g  b e c a u s e  
t h e  many p o s s i b l e  r e a c t i o n s  b e t w e e n  c h l o r i n e  and o r g a n i c s  i n  s e a  w a t e r  
and La m a r i n e  a n i m a l s  have  p r o d u c e d  c o n c e r n  t h a t  c h l o r i n a t e d  
h y d r o c a r b o n  p e s t i c i d e  a n a l o g s  may be p r o d u c e d  ( B e n d e r ,  p e r s .  c o n n u n . ) . 
However ,  t h i s  h y p o t h e s i s  h a s  n o t  b e e n  t e s t e d ,  and i t  i s  j u s t  a s  
l i k e l y ,  b a s e d  on  p r e s e n t  k n o w l e d g e ,  t h a t  c h l o r i n a t e d  h y d r o c a r b o n  
p e s t i c i d e s  and CIO k i l l  t h r o u g h  s i m i l a r  m e c h a n i s m s  ( s e e  S e r i n  
C o n s t i t u e n t s  s e c t i o n ) .
L e t h a l  l i m i t s  o f  CIO h a v e  b e e n  r e p o r t e d  f o r  a d u l t s  o f  o n l y  one 
o t h e r  l a r g e  m a r i n e  d e c a p o d ,  k o e s i j a d i  e t  a l .  ( 1 9 7 9 )  d e c i d e d  t h a t  t h e  
9 6 - h r  LC50 f o r  a d u l t  ma le  C a n c e r  p r o d u c t u s  l i e s  b e t w e e n  1 . 2  and
1 , 4  m g C ^ / l  CIO. The s e  v a l u e s  a r e  h i g h e r  t h a n  t h e  9 6 - h r  LC50 o f  
0 . 8 4  m g C ^ / l  d e t e r m i n e d  f o r  a d u l t  ma l e  C a l l i n e c t e s  s ^ i p iduB. The d a t a  
a r e  s i m i l a r  enough  i n  m a g n i t u d e ,  h o w ev e r ,  t o  s u g g e s t  t h a t  a d u l t s  o f  
l a r g e  m a r i n e  d e c a p o d s  a r e  v e r y  t o l e r a n t  o f  C I O .  Ma t u r e  d e c a p o d s  
s h o u l d  e a s i l y  be a b l e  t o  w i t h s t a n d  t h e  c r i t e r i o n  u f  0 . 31  m g C ^ / l  
p ro p o s e d  f o r  m a r i n e  o r g a n i s m s  by t h e  EPA ( 1 9 7 5 ) ,  I nd e e d  t h e  m o r t a l i t y  
c u r v e s  f o r  m a t u r e  ma l e  and f e m a l e  C.  e a p i d u a  s u g g e s t  t h a t  c o n t i n u o u s  
e x p o s u r e  t o  l e v e l s  o f  CIO a s  h i g h  a s  0 . 60 mgCl 2 / I  i n  e e t u a r i n e  w a t e r s
la
woul d  b e  t o l e r a t e d  f o r  a t  l e a s t  96 h ou r s  a t  t e m p e r a t u r e s  be t we e n  1 0  
and JO’ C. A l t h o u g h  h i g h e r  CIO l e v e l s  (up  t o  2 m g C l j / l )  have  been  
found  n e a r  some s ewage  o u t f a l l s  ( V i r g i n i a  S t a t e  H a t e r  C o n t r o l  Bo a r d ,  
1 9 7 4 ) ,  s u c h  l e v e l s  s h o u l d  p r e s e n t  no p r o b l e m s  t o  C.  s a p i d u s , e x c e p t  i n  
t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  o u t f a l l ,  b e c a u s e  o f  r a p i d  d i l u t i o n  t o  
w e l l  b e l o w  l e t h a l  l e v e l s .
SEJtUM CONSTITUENTS
I n t r o d u c e  i o n
S t u d i e s  o f  f i f th  b l o o d  h i v e  s u g g e s t e d  t h a t  o n e  mode o f  a c t i o n  o f  
CIO i s  d i s r u p t i o n  o f  o s m o t i c  and i o n i c  b a l a n c e .  Cohen  <1 9 7 7 )  
s p e c u l a t e d  t h a t  CIO i n t o x i c a t i o n  d i s r u p t s  i o n o r e g u l a t o r y  f u n c t i o n s  and 
o s m o t i c  b a r r i e r s  i n  G a m b u s i a  a f f i n i s . Z e i t o u n  e t  a l . 0 9 7 7 )  and 
Z i e t o u n  (1978)  found  c h a n g e s  i n  p i a n o s  c a t i o n s  and h e m o c o n c e n t r a t t o n  
i n  Balmo g a i r d n e r i  on e x p o s u r e  t o  CIO and c o n c l u d e d  t h a t  m i n e r a l  
h o m e o s t a s i s  in t he  f i s h  b l o n d  was d i s t u r b e d .  A s i m i l a r  c o n c l u s i o n ,  
ba s ed  on me a s u r e men t s  o f  t o t a l  o s m o t i c  c o n c e n t r a t i o n *  c h l o r i d e ,  
s e v e r a l  m a j o r  c a t i o n s ,  and e n zy me s ,  was r e a c h e d  f o r  Mo r on e  amer t c a n a  
by Bl ock  e t  a l .  ( I 97 & ) .
D i s r u p t i o n  o f  o s m o t i c  and  i o n i c  i n t e g r i t y  i s  a p p a r e n t l y  a mode 
o f  a c t i o n  o f  CIO in  c r a b s  a s  w e l l  ae  f i s h .  b o e s i j a d i  e t  a ) .  ( 19 79 )  
expos e d  Ca nc e r  p r o d u c t u a  t o  c h l o r i n a t e d  s e a  w a t e r  and f o u n d  t h a t  
sodium and i r a g n e s i m  r e g u l a t i o n  i n  t h e  h&salymph was e s s e n t i a l . l y  
a b o l i s h e d .  In a d d i t i o n ,  p r e l i m i n a r y  t e s t s  on C a l l i n e c t e s  s u p  id us  h a v e  
shown CIO induced  c h a n g e s  i n  hemolymph o s m o l a r i t y ,  c h l o r i d e ,  s od i u m ,  
p o t a s s i u m ,  and f r e e  amino a c i d s ,  a l l  o f  w h i c h  s u g g e s t  a b r e a k do wn  in  
o s m o t i c  i n t e g r i t y  ( B l o c k ,  1 9 7 7 ) .
To c o n f i r m  t h e  a p p a r e n t  e f f e c t s  o f  CIO on osmot  Lc and i o n i c  
r e g u l a t i o n  in  t h e  b l u e  c r a b ,  s a p i d u s , t h e  f o l l o w i n g  e x p e r i m e n t s  
we re  d e s i g n e d  to  t e a t  t h e  e f f e c t s  o f  e x p o s u r e  t o  C I O  o n  s e r i n  
c h l o r i d e ,  o s m o t i c  c o n c e n t r a t i o n ,  p r o t e i n ,  t o t a l  n i n h y d r i n  s u b s t a n c e s
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( IMPS) ,  and m a j o r  c a t  i o n s .  V a r i o u s  l e v e l s  o f  CIO a n d  t i m e s  o f  
e x p o a u t o  were u s e d .  B a s e l i n e  v a l u e s  f o r  a l l  o f  t h e  s e l e c t e d  
c o n s t i t u e n t s  h a v e  b e e n  d e t e r m i n e d  by Lynch and Webb ( 1 9 7 3 a , b ) ,  Lynch 
e t  a l  . ( 1 9 7 3 ) ,  a n d  C o i v o c o r e a s e s  e t  a l .  ( 1 9 7 4 ) .
Me thoda
E x p e r i m e n t a l  A n i m a l s
A d u l t  f e m a l e  b l u e  c r a b s  w e r e  o b t a i n e d  f rom two s o u r c e s .  The 
s e v e r e  c r a b  s h o r t a g e  i n  Ch e s a p e a k e  Bay d u r i n g  t h e  w i n t e r  o f  1 9 76 - 77  
f o r c e d  i m p o r t a t i o n  o f  c r a b s  by a i r  f rom t h e  N o r t h  E d i s t o  R i v e r  i n  
Sou t h  C a r o l i n a  f o r  s e v e r a l  t e a t s .  T h i s  s o u r c e  was u s e d  u n t i l  J u l y  
1977 when C h e s ap ea k e  Bay c r a b s  w e r e  o n c e  a g a i n  a v a i l a b l e .
The n a t u r e  o f  t h e  c r a b  f i s h e r i e s  i n  b o t h  l o c a l i t i e s  makes  i t  
d i f f i c u l t  to be a c c u r a t e  a b ou t  t h e  t e m p e r a t u r e  and s a l i n i t y  r e g i m e s
f rom whi ch  t h e  c r a b s  were t a k e n ,  b u t  i t  can be a s s umed  t h a t  t h e
C h e s a p e a k e  Bay c r a b s  came from s a l i n i t i e s  ( 2 0 - 2 5  ° / o o )  5 -10  ° / o o  lower
t h a n  t h e  Nor th  E d i a t o  R i v e r  c r a b s  ( ^ 3 0  ° / o o ) .  Loca l  c r a b s  were t a k e n
From s u i t e r  w a t e r  t e m p e r a t u r e s  ( 2D- 3Q*C) ,  w h i l e  t h o s e  From S o u t h  
C a r o l i n a  were c o l l e c t e d  d u r i n g  e a r l y  s p r i n g  and  summer ( w a t e r  
t e m p e r a t u r e s  1 5 - 2 5 * C ) .  No a t t e m p t  h a s  b e e n  made t o  compare  
p h y s i o l o g i c a l  m e a s u r e m e n t s  b e t wee n  t h e  two p o p u l a t i o n s ,  but  c r a b e  f rom 
o n l y  one  l o c a l i t y  w e r e  u s ed  in  a g i v e n  e x p e r i m e n t .  A l l  c r a b s  were  
h e l d  a s  b e f o r e  i n  r e c i r c u l a t e d  w a t e r .
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Exposure 3y tem
The d i l u t o r  s y s t e m  was  t h e  some 4 * t h a t  u s e d  p r e v i o u s l y .  S ix  
t e s t  c h a m b e r a  were u s e d  i n i t i a l l y ,  e a c h  w i t h  e i g h t  3 - l i t e r  
c o m p a r t m e n t s .  T h i s  s y s t e m  was  d e s i g n e d  t o  a l l o w  e x p o s u r e  o f  e i g h t  
p h y s i c a l l y  i s o l a t e d  c r a b s  t o  e a c h  o f  f i v e  e x p o s u r e  l e v e l s  and one 
c o n t r o l  l e v e l  w i t h o u t  c a n n i b a l i s m .  Each t a n k  was  s u p p l i e d  t h r o u g h  a 
h e a d e r  box which  r e c e i v e d  c h l o r i n a t e d  w a t e r  f rom t h e  mi x i ng  box 
( d i l u e n t  f l o w ,  800 m l / m i n ) .  Each a n i m a l  co mp a r t me n t  r e c e i v e d  w a t e r  
t h r o u g h  a  c a l i b r a t e d  s i p h o n  ( 1 0 0  m l / m i n ) ,
T h i s  4 8 - c o m p a r t m e n t  d o s i n g  s y s t e m  p r ov ed  t o o  cumbersome t o  
m a i n t a i n .  IE was d i s c o v e r e d  t h a t  t h e  c r a b s  were  d e p l e t i n g  t h e i r  
m o b l e n t  O2  s u p p l y  by up  t o  251 .  D o u b l i n g  f l ow r a t e s  t h r o u g h  t h e  
s y s t e m  d i d  n o t  s o l v e  t h e  p r o b l e m ,  and a e r a t i o n  o f  t h e  s y s t e m  was 
i m p r a c t i c a l .  In  a d d i t i o n ,  t h e  number  o f  c r a b s  a v a i l a b l e  f rom t h e  
s y s t e m  f o r  b l o o d  a n a l y s i s  was shown t o  be t o o  s ma l l  g i v e n  t h e  h i g h  
v a r i a n c e s  o b s e r v e d  f o r  t h e  b l o o d  p a r a m e t e r s .
The s e  r e a s o n s ,  c o u p l e d  w i t h  g r o w i n g  s u s p i c i o n s  t h a t  c r a b  
r e s p o n s e s  w e r e  more r a p i d  t h a n  p r e v i o u s l y  a n t i c i p a t e d ,  l e d  t o  u s e  of  a 
s y s t e m  o f  e i g h t  3 7 - l i t e r  a q u a r i a  w i t h  i n d i v i d u a l  f l ow r a t e s  o f  
1 l i t e r / i a i n  and v i g o r o u s  a e r a t i o n  t o  m a i n t a i n  oxygen l e v e l s  a t  n e a r  
s a t u r a t i o n .  Th e r e  was v i r t u a l l y  no e f f e c t  o f  a e r a t i o n  on t h e  CIO 
c o n c e n t r a t i o n s .  The t a n k s  we r e  a r r a n g e d  in two g r o u p s  o f  f o u r  so t h a t  
a g i v e n  t e s t  c o n s i s t e d  o f  one  dosed  g r o u p  and a c o n t r o l  g r o u p .  Each 
g r o u p  o f  f o u r  t a n k s  r e c e i v e d  w a t e r  f rom a s i n g l e  h e a d e r .  T o x i c a n t  was
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m ixed as before, e x c e p t  t h a t  d i l u e n t  Flow was in c r e a s e d  td  ca.
4 8 0 0  m l / n i n ,  The f l o w  r a t e s  and a e r a t i o n  o f  t h i s  s y a t « i  aLlowed t e n  
c r a b s  p e r  t ank .
An a d d i t i o n a l  s y s t e m  was used t o  d e t e r m i n e  w h e t h e r  t a n k  s i t e  and 
f l o w  r a t e s  e i g h t  h a v e  i n f l u e n c e d  e a r l y  e x p e r i m e n t s ,  The e x p e r i m e n t a l  
g r o u p  i n c l u d e d  on® 3 7 - l i t e r  ( 1 0  g a l l o n )  and two l f l - l i t e r  ( 5 - g a l l o n )  
t a n k a .  The 1 7 - l i t e r  and one 1 8 - l i t e r  t a n k  were  s u p p l i e d  by a s i n g l e  
h e a d e r  r e c e i v i n g  a c o m b i n e d  t o x i c a n t  a n d  d i l u e n t  f low o f  ca*
4 8 0 0  m l / m i n .  Tank f l own  were  c a .  1000  m l / m i n  a n d  c a .  500  m l / m i n ,  
r e s p e c t i v e l y .  The r e m a i n i n g  1 8 - l i t e r  t a n k  r e c e i v e d  a f l o w  o f  c a .
250  m l / n i n  from s s e p a r a t e  h e a d e r  r e c e i v i n g  d i l u e n t  and t o x i c a n t  
m i x t u r e  a t  a r a t e  o f  c a .  1100 m l / m i n .  The c o n t r o l  g r o u p  h a d  s i m i l a r  
t a n k a  w i t h  s i m i l a r  f l o w s ,  but  t he  w a t e r  was u n c h l o r i n a t e d  and was 
d r own  from a s i n g l e  h e a d e r .  In e a c h  g r o u p  t h e  3 7 - l i t e r  t a n k  c o n t a i n e d  
t e n  c r a b s  whi l e  e a c h  1 8 - l i t e r  t a n k  c o n t a i n e d  f i v e *
E x p e r i m e n t a l  P r o t o c o l s
The p r o t o c o l  f o r  t h e  4 8 - c o m p a r t m e n t  s y s t e m  c a l l e d  f o r  e i g h t  
m a t u r e  female  c r a b s  s a mp l e d  a t  t i me  z e r o  as a b a s e l i n e ,  and a maximum 
o f  24 e x p e r i m e n t a l  ( d o s e d )  end 24 c o n t r o l  ( u n d o s e d )  c r a b s .  In t h e  
e x p e r i m e n t s ,  Eour e x p e r i m e n t a l  and f o u r  c o n t r o l  c r a b s  we r e  r a n d o m l y  
s a c r i f i c e d  fo r  serum a n a l y s i s  a t  w e e k l y  i n t e r v a l s  u n t i l  a l l  were  u s e d  
o r  h a d  d i e d .
The p r o t o co l  f o r  moat e x p e r i m e n t s  u s i n g  t h e  3 7 - l i t e r  a q u a r i i a A  
s y s t e m  r e q u i r e d  t h a t  t e n  n a t u r e  f ema l e  c r a b s  be s ampl ed  a t  t i m e  z e r o
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a s  a b a s e l i n e .  F o r t y  c r a b *  ( t e n  p e r  t a n k )  w e r e  d o s e d  w i t h  a s i n g l e  
CIO l e v e l ,  and 4 0  more  c r a b s  s e r v e d  a s  c o n t r o l s .  At t h e  end o f  e a c h  
day o f  t h e  f o u r - d a y  e x p e r i m e n t ,  t e n  d o s e d  and t e n  c o n t r o l  c r a b s ,  
r e p r e s e n t i n g  t h e  e n t i r e  c o n t e n t s  o f  r a n d o m l y  s e l e c t e d  t a n k s ,  were  
s a c r i f i c e d  for  se rum a n a l y s i s *
I n  t h e  e x p e r i m e n t  c o m p a r i n g  t h e  18-  and 3 7 - l i t e r  t a n k s ,  t e n  
b a s e l i n e  c r a b s  w e r e  s amp l ed  a t  t i m e  r e r o .  Twenty c r a b s  ( t e n  p e r  
3 7 - H t e r  t a n k ;  f i v e  p e r  1 8 - l i t e r  t a n k )  w e r e  d o s e d ,  m a t c h e d  by t w e n t y  
c o n t r o l s *  S u r v i v i n g  c r a b s  were s amp l ed  a f t e r  t h r e e  days*
I n  a l l  s y s t e m s ,  CIO c o n c e n t r a t i o n s ,  m o r t a l i t i e s ,  d i s s o l v e d  
oxygen ,  t e m p e r a t u r e ,  and s a l i n i t y  were  m o n i t o r e d  t h r e e  t i m e s  d a i l y .
Flow r a t e s  and pH w e r e  d e t e r m i n e d  o n c e  p e r  d a y .  I n  t h e  e x p e r i m e n t  
c o m p a r i n g  t h e  I f l -  and 3 7 - Li t e r  t a n k s ,  ammonia l e v e l s  were  d e t e r m i n e d  
d a i l y  f o r  each  t a n k  and f o r  t h e  d i l u e n t  w a t e r .
C h em i c a l  A n a l y s e s
D e t o r m i n a t  io t ia  o f  CIO c o n c e n t r a t i o n ,  d i s s o l v e d  o x yg e n ,  pH, and 
s a l i n i t y  were as  b e f o r e *  Avnon i a  l e v e l s  were d e t e r m i n e d  by t h e  me t hod  
o f  S o l o r x a n o  ( 1 9 6 9 ) .
S e r o l o g i c a l  A n a l y s i s
S i x  or  s e v e n  imiLLil i t e r s  o f  b l o o d  were  u s u a l l y  t a k e n  f rom e a c h  
c r a b  by w i t h d r a w a l  f r u n  t h e  s i n u s  a t  t h e  b a s e  o f  t h e  f i f t h  p e r e i o p o d  
by means  o f  a p l a s t i c  s y r i n g e  w i t h  an 18 g a u g e  n e e d l e .  S amp l es  we r e  
p l a c e d  i n  capped  t e s t  t u b e s  i n  an i c e - w a t e r  b a t h  and s a m p l e s  were
a l l o w e d  t o  c h i l l  f o r  a t  l e a s t  30  m i n u t e s ,  a f t e r  w h i c h  t h e  c l o t  i n  each 
wiH b r o k e n  up and c e n t r i f u g e d  n u t  { 1 000  g f o r  30 m i n u t e s ) .  The 
d e c a n t e d  serum was d i v i d e d  i n t o  a t  l e a s t  two p o r t i o n s  and f r o z e n .  
A n a l y s e s  were  p e r f o r m e d  on s a m p l e s  f r o z e n  and t h a we d  o n l y  o n c e .
Serum INFS,  p r o t e i n ,  c h l o r i d e ,  and  o s m o t i c  c o n c e n t r a t i o n  were 
d e t e r m i n e d  by p r o c e d u r e s  d e s c r i b e d  i n  d e t a i l  f o r  h l u e  c r a b  s e r u m  by 
Lynch and Webb (1973  a , b )  and Lynch  e t  a l .  ( 1 9 7 3 ) .  Serum l e v e l s  of  
s o d i u m ,  p o t a s s i u m ,  c a l c i u m ,  and m a g n e s i u m  were  d e t e r m i n e d  on a V a r i a n  
T e c h t r o n  A A - 5 a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  a c c o r d i n g  t o  
p r o c e d u r e s  o u t l i n e d  by t h e  U.S.  E n v i r o n m e n t a l  P r o t e c t i o n  Agency  (1976) 
and  V a r i a n  T e c h t r o n .  S a m p l e s  w e r e  p r e p a r e d  f o r  a t o m i c  a b s o r p t i o n  
a n a l y s i s  by d i l u t i n g  1 . 0  ml o f  s e r u m  t o  2 0  ml w i t h  g l a s s  d i s t i l l e d ,  
d e i o n i z e d  w a t e r ,  a d d i n g  0 , 1  ml  c o n c e n t r a t e d  HNO3 , and  c e n t r i f u g i n g  a t  
c a .  2000  g f o r  30 mi n .  Lan t hanum c h l o r i d e  was a dde d  to t h e  c a l c i u n  
and ma gnes i um s a m p l e s  and s t a n d a r d s  t o  p r e v e n t  a n i o n i c  i n t e r f e r e n c e  
( U s e r s  manual  f o r  t h e  V a r i a n  T e c h t r o n  AA-5 a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e t e r ,  u n d a t e d ) .  The s o d i u a  c o n t e n t  o f  t he  p o t a s s i u n  
s t a n d a r d s  was a p p r o x i m a t e l y  m a t c h e d  t o  t h e  s a mp l e  c o n c e n t r a t i o n s  t o  
a v o i d  e n d i t n  e n h an c e m e n t  o f  t h e  p o t a s s i u m  v a l u e s  ( C o l v Q c o r e a s e e  e t  
a l ,  p 1 9 7 4 ) .
D a t a  A n a l y s i s
Serum c o n s t i t u e n t  v a l u e s  t a k e n  d u r i n g  t h e  a c u t e  t o x i c i t y  s t u d i e s  
were s u b j e c t e d  t o  o n e - w a y  a n a l y s i s  o f  v a r i a n c e .  S t a t i s t i c a l  a n a l y s i s  
u f  t h e  d a t a  f rom t h e  4 8 - c o m p a r t m e n t  s y s t e m was u n p r o d u c t i v e  b e c a u s e  of
25
Che ana 11 sample  a i d e s  and Che l a r g e  v a r i a n c e *  e n c o u n t e r e d .  The 
o v e r l a p  between s t a n d a r d  e r r o r s  p r e c l u d e d  d e t e c t i o n  o f  s i g n i f i c a n t  
d i f f e r e n c e s .  T i d e  and CIO c o n c e n t r a t i o n  e f f e c t s  o n  s e r um c o n s t i t u e n t s  
f r om t h e  f o u r - d a y  e x p e r i m e n t s  we re  e v a l u a t e d  by f a c t o r i a l  a n a l y s e s .
The a n a l y s e *  were  p e r f o r m e d  o r  i n d i v i d u a l  2 x 4  f a c t o r i a l  e x p e r i m e n t s  
w h e r e  t h e  f a c t o r s  we r e  e x p o s u r e  l e v e l  (one  l e v e l  p l u s  c o n t r o l )  and 
t i m e  ( o n e ,  t u n ,  t h r e e ,  and f ou r  d a y s ) ,  r e s p e c t i v e l y .  B a s e l i n e  v a l u e s  
we re  d e t e r m i n e d  f o r  r e f e r e n c e  and w e r e  n o t  i n c l u d e d  i n  t h e  f a c t o r i a l  
a n a l y s i s .  The f i n a l  3 - d a y  e x p e r i m e n t  was e v a l u a t e d  f o r  e f f e c t s  o f  
t a n k  s i a e - f l o w - C I O  combi  n a t i o n s  o n  c r a b  s e r um TNPS,  p r o t e i n ,  c h l o r i d e ,  
a n d  o s m o t i c  c o n c e n t r a t i o n s  by o n e - w a y  a n a l y s i s  o f  v a r i a n c e  a n d  
S t u d e n t - N e w i s a n - K e u l s ' m u l t i p l e  r a n g e  t e s t .  A s e p a r a t e  o n e - w a y  
a n a l y s i s  o f  v a r i a n c e  and S t u de n t - Ne w m a n - Ke u l  s f t e s t  w e r e  u s e d  t o  
d e t e r m i n e  e f f e c t s  on t a n k  ammonia l e v e l s ,  B a s e l i n e  v a l u e s  were  
i n c l u d e d  i n  t h e  o n e - wa y  a n a l y s i s  o f  v a r i a n c e  and m u l t i p l e  r a n g e  t e s t s .  
C a t i o n s  i n  t h i s  e x p e r i m e n t  were  d e t e r m i n e d  o n l y  f o r  c r a b s  f rom t h e  
3 7 - l i t e r  t anka* CIO e f f e c t *  on c a t i o n  L e v e l s  w e r e  e v a l u a t e d  by u s i n g  
S t u d e n t ' s  t - t e s t  f o r  i n d e p e n d e n t  c o m p a r i s o n s .
R e s u l t s
H y d r o g r a p h i c  d a t a  from t h e  se rum s t u d i e s  a r e  s um m a r i z e d  i n  
T a b l e  2.  C r a b s  were e x p o s e d  t o  c h l o r i n a t e d  s e a  w a t e r  a t  t e m p e r a t u r e s  
r a n g i n g  f rom l l . 8 *C t o  29*C a n d  s a l i n i t i e s  r a n g i n g  f r o m  17 ° / o o  t o  
2 4 . 3  ° / d o ,  E x p e r i m e n t s  1 a n d  2 a r e  i d e n t i c a l  t o  e x p e r  i n t e n t s  1 a n d  4 ,  
r e s p e c t i v e l y ,  of  t h e  a c u t e  t o x i c i t y  s t u d y .
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Serum from a t o t a l  o f  t h i r t e e n  d i f f e r e n t  e x p e r i m e n t *  we* 
a n a l y s e d  f o r  TNFS, p r o t e i n ,  c h l o r i d e ,  s o d i u m ,  p o t a s s i u m ,  c a l c i i x s ,  
m x g n e s i i m ,  end t o t a l  o n a t i c  c o n c e n t r a t i o n s .  S i n c e  a l l  o f  t h e  
c o n s t i t u e n t s  were n o t  m e a s u r e d  i n  e v e r y  e x p e r i m e n t ,  * a i v m a r y  o f
e x p e r i m e n t a l  d e s i g n s  and i a r m  a n a l y s e s  p e r f o r m e d  i s  g i v e n  in
T a b l e  3.
M o r t a l i t y
Wh i l e  t h e  e x p e r i m e n t a l  d e s i g n  u sed  i n  t h e  s e r u m s t u d i e s
p r e c l u d e d  s t a t i s t i c a l  t r e a t m e n t  o f  c r a b  m o r t a l i t i e s ,  m o r t a l i t y  d a t a
were  r e c o r d e d  f o r  a l l  f o u r - d a y  e x p e r i m e n t s .  D a t a  f rom e x p e r i m e n t s  1 
and 2 were  i n c l u d e d  in  t he  c o m p o s i t e  m o r t a l i t y  c u r v e *  in  t h e  A c u t e  
T o x i c i t y  s e c t i o n .  M o r t a l i t y  e s t i m a t e s  f rom o t h e r  f o u r - d a y  
e x p e r i m e n t s  were r ough l y  c o m p a r a b l e  t o  t h e s e  d a t a ,  a l t h o u g h  d i r e c t  
c o m p a r i s o n s  a r e  d i f f i c u l t  b e c a u s e  o f  d i f f e r i n g  e x p e r i m e n t a l  
c o n d i t i o n s .  M o r t a l i t y  a l t e r  96 h ou r s  was OX a t  0 . 3 6 ,  0 . 4 2  and 
0 . 5 0  r a g C l j / l  ( e x p e r i m e n t s  6 , 7,  and 9 ) ,  3 8 . 3£ a t  0 . 4 7  m g C l j / l  
( e x p e r i m e n t  9 ) ,  3 0 . 9 1  a t  0 , 4 8  m g C l j / l  ( e x p e r i m e n t  1 0 ) ,  and 2 4 . 2 1  a t  
0 . 6 2  m g C l j / l  ( e x p e r i m e n t  1 1 ) ,  M o r t a l i t y  a f t e r  72 h o u r s  was  50-6QX i 
t h e  3 7 - l i t e r  t a n k  o f  e x p e r i m e n t  13 ( 0 . 8 2  m g C l ^ / l ) ,  h u t  01 i n  t h e  
1 8 - i i t e r  t a n k s  ( 0 . 7 4  and 0 . 5 9  m g C l j / l ) .  M o r t a l i t y  a f t e r  4 8  h o u r s  wa 
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TNPS
Serum TNPfi c o n c e n t r a t i o n  wee u n e f f e c t e d  by CtO i n  t h e  f i r s t
e x p e r i m e n t  up t o  0 . 6 5  m g C l j / l  (ANOVA, p > 0 . 1 0 )  ( T a b l e  4 ) .  I n  t h e
s ec o n d  e x p e r i m e n t ,  TNFS w as u n a f f e c t e d  e t  low d o s e s  b u t  i n c r e a s e d  
o v e r  20001 a t  0 . 9 7  mgCl2 / l  (AH0VA* p > 0 . 0 0 5 )  ( F i g u r e  4 ) ,  a d o s e  
h i g h e r  t h a n  t h e  p r e v i o u s l y  d e t e r m i n e d  9 6 - h r  LC50. I n  th e  f i f t h  
e x p e r i m e n t ,  m e a n i n g f u l  s t a t i s t i c a l  a n a l y s i s  was p r e c l u d e d  by s m a l l  
s a mp l e  s i x e s  and l a r g e  v a r i a n c e s ,  h ow e v e r ,  no  e f f e c t s  o f  
0 . 4 4  r ag Cl z / l  CIO on  serum TNPS were  s u g g e s t e d  by t h e  d a t a  ( T a b l e  5 ) .  
TNPS l e v e l s  were u n a f f e c t e d  by CIO l e v e l s  r a n g i n g  f rom 0 . 3 6  t o
1 . 0 4  m g Cl j / L  in e x p e r i m e n t s  6  t h r o u g h  12 (ANOVA, p > 0 . 0 5 )  ( T a b l e  6 ) .
V a r i a t i o n s  w i t h  t i m e  o c c u r r e d  i n  some e x p e r i m e n t s  b u t  w e r e  u s u a l l y
i n d e p e n d e n t  o f  d o s e .  The o n l y  s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  d os e  
and t i me  o c c u r r e d  i n  e x p e r i m e n t  10 a t  0 . 4 8  m g C l j / l  CIO (ANOVA, 
p < 0 . 0 5 )  ( F i g u r e  5 ) .  The l a r g e  f l u c t u a t i o n s  found i n  t h e  s e r u m  TNPS 
o f  t h e  c o n t r o L s  t h r o u g h o u t  t h e  e x p e r i m e n t  p e r i o d  d i d  n o t  o c c u r  i n  t h e  
e x p e r i m e n t a l  c r a b s .  TNPS l e v e l s  d i d  n o t  v a r y  w i t h  t h e  t a n k  
s i c e - f l o w - C I O  c o m b i n a t i o n s  i n  e x p e r i m e n t  13 (ANOVA, p > 0 . 1 0 )
( T a b l e  7 ) .
P r o t e i n
P r o t e i n  i n  t h e  f i r s t  two e x p e r i m e n t s  a p p e a r e d  t o  d e c r e a s e  w i t h  
i n c r e a s i n g  CIO l e v e l  ( Ta b l e  4 ) ,  but  t h e  d e c r e a s e  was n o t  s i g n i f i c a n t  
(ANOVA, p > 0 . 1 0 ) .  In  a d d i t i o n ,  t h e r e  was no  e f f e c t  a t  t h e  h i g h e r  
CIO d o s e s  o f  e x p e r i m e n t s  3 ( 0 . 7 5  m gCl2 / l )  and 4 ( 0 . 7 1  m g C l j / l )
33
TABLE 4 .  BLOOD SERUM PROTEIN* CHLORIDE, TNPS AMD OSMOTIC CONCENTRATIONS 
FOR C a l l i n a c t e n  a a p i d u f  FROM EXPERIMENTS 1 AND 2 ,
Eape r  i o e n t
CIO
( m g / 1 ) i
Pro  t  t i n  
{m g / ml ) 
SE
C h l o r i d e  
( m e q / 1 ) 
k SE
TNPS 
( u n c l e a / m l )  
x SE
0 a m o t i c  C o n e , 
( n i l  1 i o s q o l o  > 
k SE
1 2 8 0 . 5 * 2 0 . 0 4 8 9 , 8 * 2 7 . 0
0 . 0 0 71 . 4 7 1 . 0 3 92 . 1 9 . 3 2.9 0 . 6 8 6 4 . 2 6 . 7
0 . 1 1 85 . 1 6 . 9 4 0 4 , 1 3 . 8 2 . 6 0 . 6 8 8 3 . 0 8 . 0
0 , 3 1 6 3 . 7 1 4 . 4 3 8 6 . 8 8 . 8 2 . 8 0 . 6 8 3 4 . 0 2 0 . 6
0 . 6 3 5 3 . 3 1 4 . 3 3 34 . 0 8 , 2 2.9 1 . 0 7 6 7 , 0 3 9 . 6
2 2 8 0 . 5 * ______ 4 8 9 , 8 * _
0 . 0 0 9 2 . 3 1 0 . 4 3 8 7 , 4 6 . 8 0 . 4 0 . 1 7 7 5 . 0 6 . 9
0 . 1 7 6 6 . 8 2 0 . 9 3 9 2 . 8 5 4 , 4 0,4 0 . 2 785.1 9 . 6
0 . 3 0 5 9 . 4 1 9 . 2 3 7 6 . 4 10 . 4 0 . 2 0 . 1 7 9 7 . 2 3 . 2
0 . 3 7 5 8 . 5 1 1 . 7 259 .  B 6 , 7 8 . 1 0 ,  5 6 1 3 . 8 17 . 9
* * mean o f  f aed i uu  Tev*T* f o r  e n t i r e  t e a t
3*
FIGURE 4.  E f f e c t s  o f  4-day  e x p o s u re  t o  CIO on se ru m  TNPS in
C a l l i i i e c te a  sapldufl f r o m  e x p e r im e n t 2 * D ashed  l i n e  
r e p r e s e n t s  exp ec ted  sh a p e  o f  c u rv e  b e tw e e n  th e  tw o CIO 
l e v e l s .
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- 0 , 1 0 ,  - 3 . 2 6  r e s p e c t i v e l y i  p > 0 , 0 5 )  ( T a b l e  5 ) .  i n  t h e  f i f t h  
e x p e r i m e n t  se rum p r o t e i n  shoved a  t e n d e n c y  t o  be e l e v a t e d  by e x p o s u r e  
t o  CIO ( 0 , 4 4  m g C l j / l ) -  However,  a *  w i t h  TNPS, t h e  s m e l l  sample  s i x e s  
a n d  h i g h  v a r i a b i l i t y  in  th e  d a t e  p r e c l u d e d  m e a n i n g f u l  s t a t i s t i c a l  
a n a l y s i s .  Serum p r o t e i n  in e x p e r i m e n t s  6  t h r o u g h  12 v a r i e d  w i t h  
n e i t h e r  d o s e  n o r  t i m e  (ANOVA, p > 0 , 0 5 )  ( T a b l e  6 ) ,  T h e r e f o r e ,  
p r o t e i n  was n o t  d e t e r m i n e d  fo r  e x p e r i m e n t  13,
C h l o r i d e
Serum c h l o r i d e  was h y p e r r e g u l a t e d  by b o t h  e x p e r i m e n t a l  and 
c o n t r o l  cr a b s  in  m os t  ex p e r im en t  a . H owever ,  in  e x p e r i m e n t  2 ,  c o n t r o l  
c r a b s  w ere  i s o i o n i c  w i t h  th e  m e d i u n .
At low d o s e s  in  th e  f i r s t  two e x p e r i m e n t s  s e r u m  c h l o r i d e  l e v e l s  
showed  a a l i g h t  i n c r e a s e  in c o n c e n t r a t i o n ,  b u t  a t  d o s e s  above  
0 . 3 - 0 , 5  m g C l j / l ,  t h e  s e r i n  c h l o r i d e  l e v e l  d r o p p e d  m a r k e d l y  ( T a b l e  4 ,
F i g u r e s  6  and 7 ) .  I t  can  be s e e n  f rom  F i g u r e  7 t h a t  t h e  c r a b s  w e re  
no l o n g e r  h y p e r r e g u l a t i n g  c h l o r i d e  a t  0 , 9 7  m g C ^ / l  CIO and ll.fl'C.
The e f f e c t  on serum c h l o r i d e  was h i g h l y  s i g n i f i c a n t  i n  s p i t e  o f  h i g h  
v a r i a b i l i t y  in  t h e  d a t a  (ANOVA, p (  0 . 0 5 ) .  S i m i l a r  t r e n d s  were 
a p p a r e n t  i n  t h e  t h i r d  and f o u r t h  e x p e r i m e n t s  ( t  * 2 * 5 4 ,  2 . 7 4 ,  
r e s p e c t i v e l y ;  p < 0 , 0 5 )  (Table 5> a n d ,  a l t h o u g h  n o t  s t a t i s t i c a l l y  
v e r i f i a b l e ,  in  e x p e r i m e n t  5. In e x p e r i m e n t  3 c h l o r i d e  was r e d u c e d  
f rom  t h e  b a s e l i n e  v a l u e  o f  390 .0  (n e q / l  t o  3 0 1 , 7  n e q / l  in  t h e  
e x p e r i m e n t a l *  a t  0 , 7 5  m g C l j / l  CIO,  c o m p a r e d  to  a c o n t r o l  r e d u c t i o n  t o  
3 7 2 . 4  a e q / L  In e x p e r i m e n t  4 t h e  c h l o r i d e  in  t h e  e x p e r i m e n t s  Is  was
42
FIGURE 6,  E f fe c ts  o f  4 -d ay  exposu re to  CIO on serum c h lo r id e  la
C a l l ln e c t e s  sap ldua from experim ent 1.
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FIGURE 7* E f fe c ts  o f  4-day exposure to  CIO cm serum c h lo r id e  in
C a l l in e c t e s  aapldufl from exp erim en t 2.
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r e d u c e d  f r o n  3 9 3 . 7  o e q / l  Co 3 0 0 , 6  m e q / l  ( 0 , 7 1  m g C l j / l  C IO ) ,  w h i l e  t h e  
c o n t r o l s  showed a n  i n c r e a s e  t o  4 1 6 . 3  m e q / l .  S i m i l a r l y ,  w h i l e
c h l o r i d e  c o n c e n t r a t i o n s  i n  t h e  h y p e r - r e g u l a t i n g  c o n t r o l  c r a b s  o f
e x p e r i m e n t  5 c o n f o r m e d  t o  c h a n g e s  i n  c h l o r i d e  i o n  i n  t h e  m e d i u i  and 
i n c r e a s e d  a f t e r  two w e e k s ,  t h e  l e v e l s  i n  t h e  e x p e r i m e n t a l  c r a b s
d r o p p e d  m a rk e d ly  a t  0 . 4 4  t a g C l^ / l  ( F i g u r e  8 ) ,  ao t h a t  c h l o r i d e  was no
l o n g e r  h y p e r r e g u l a t e d ,
S e r i m  c h l o r i d e  i n  s e v e r a l  o f  t h e  s u b s e q u e n t  e x p e r i m e n t s  showed a 
t e n d e n c y  t o  be e l e v a t e d  i n  c r a b s  e x p o s e d  t o  CIO ( T a b l e  6 ) ,  T h i s
e f f e c t  was s i g n i f i c a n t  o n l y  a t  0 . 4 2  m g C L j / l  CIO i n  e x p e r i m e n t  7
(ANQVA, p < 0 . 0 2 ;  F i g u r e  9 ) .  Serum c h l o r i d e  was s i g n i f i c a n t l y
l o w e r e d  in c r a b s  e x p o s e d  t o  1 , 0 4  m g C l j / l  CIO i n  e x p e r i m e n t  12 (ANOVA,
p < 0 . 0 0 4 ;  F i g u r e  1 0 ) .  In  a l l  c a s e s  t h e  t r e n d  was t o  i n c r e a s e  t h e  
d i f f e r e n c e  be tw ee n  se rum  and  mediixn c h l o r i d e  l e v e l s .  Time had  a 
s i g n i f i c a n t  e f f e c t  on  c h l o r i d e  l e v e l s  i n  s e v e r a l  e x p e r i m e n t s ,  
p r o b a b l y  r e s u l t i n g  f rom n a t u r a l  c h a n g e s  i n  w a t e r  q u a l i t y .
S i g n i f i c a n t  i n t e r a c t i o n s  (ANOVA, p < 0 . 0 3 )  b e t w e e n  d o se  and t i m e  d i d  
n o t  o c c u r  p
Serum c h l o r i d e  l e v e l s  v a r i e d  w i t h  t a n k  a i z e - f l o w - C t O  
c o m b i n a t i o n s  in e x p e r i m e n t  13 (ANOVA, p < 0 . 0 0 5 )  ( T a b l e  7 ) ,
E s s e n t i a l l y ,  c h l o r i d e  l e v e l s  i n  c r a b s  from t h e  37 l i t e r  -  
1000 m l / m i n -  0 , 8 2  a n ^ 1 8 - l i t e r  -  500 m l /m i n  -  0*74 m g C l j / l
c o m b i n a t i o n s  were  e q u i v a l e n t  t o  e a c h  o t h e r  and  Lower t h a n  t h o s e  in  
a l l  o t h e r  c o m b i n a t i o n s  ( T a b l e  8 )*
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FIGURE 6 . E f f e c ts  o f  CIO (0 .4 4  and t i n e  on germ n c h lo r id e
In  C a llin a c teB  g ap ldus from ex p erim en t 5.
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FIGURE 9.  E f f e c t s  o f  CIO (0 ,4 2  m g C ^ /l)  and tim e on serum c h lo r id e
In C a l l ln e c t e s  sap ld u a  from experim ent 7.
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FIGURE 10, E f f e c t s  o f  CIO ( 1 ,0 4  n g C l j / l )  and tim e  on serum c h lo r id e
in  C & Ilioactea  aapldua from  experim en t 12.
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TABLE 0*  STUDENT-NEUHAtf-KRULS ’ T E S T  FOR TANK S IZ E -F L O W -C IG  
COMBINATION EFFEC TS ON SERUM C H LO RID E IN  
C a l l  i l i a c  t e e  a a p i d u a  FROM EX PERIM EN T 1 3 .
BAAS UNDERLINE EQUAL KEANS * 0 . 0 5 )
t a n k  s i z e  ( l i t e r s )  
f l o w  r a t e  ( m l / m i n )  
C IO  l e v e l  ( i t j j C L j / l )  
c h l o r i d e  ( m e q / l i t e r )  
E q u a l  m e a n s
I S  37 b a s e
5 0 0  1 0 0 0
0 . 7 4  Q.H2  0 . 0 0
3 6 0 . 9  3 7 1 . 0  3 B 4 . 5
3 7  I S  I S
1 0 0 0  2 5 0  5 0 0
0 , 0 0  0 . 5 S  0 . 0 0
3 9 1 . 6  3 9 S . 6  4 0 2 . 6
I S
2  50 
0.00 
4 0 3 , 2
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O sm ot ic  C o n c e n t r a t i o n
S e run  o s m o t i c  c o n c e n t r a t i o n  waft h y p e r r e g u l a t e d  by b o t h  
e x p e r im e n ta l ,  and c o n t r o l  c r a b u  i n  a l l  e x p e r i m e n t * .
Serum o s m o t i c  c o n c e n t r a t i o n s ,  n o t  s u r p r i s i n g l y *  f o l l o w e d  t r e n d s  
s i m i l a r  to aer ixn c h l o r i d e .  In  t h e  f i r s t  two e x p e r i m e n t s ,  o s m o t i c  
c o n c e n t r a t i o n s  showed a s l i g h t  I n c r e a s e  a t  low CIO l e v e l s  a n d  t h e n  
d r o p p e d  r a d i c a l l y  a t  d o s e s  a b o v e  0 . 3 - 0 . 5  m g C l j / l  ( F i g u r e s  11 and 12;
T a b l e  4 ) .  The e f f e c t  o f  t h e  CIO l e v e l s  on aerum o s m o t i c  
c o n c e n t r a t i o n  was h i g h l y  s i g n i f i c a n t  (ANOVA, p < 0 , 0 2 5 ) ,  I t  was 
s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  a t  t h e  h i g h e r  d o s e s  o f  e x p e r i m e n t s  3 
( 0 , 7 5  m g C l j / l )  and  4 (0 .71  r a g C l ^ / l )  no e f f e c t  was e v i d e n t  
( t  ■ 1 ,7 3 ,  0 . 8 6 ,  r e s p e c t i v e l y ;  p > 0 . 0 5 ) .  S a m p le s  f o r  d e t e r m i n i n g  
aerum o s m o t i c  c o n c e n t r a t i o n s  f o r  t h e  f i E t h  e x p e r i m e n t  w ere  loH t  
b e c a u s e  o f  a m a l f u n c t i o n i n g  o s m o m e te r .
Like s e r i n  c h l o r i d e ,  s e r u m  o s m o t i c  c o n c e n t r a t i o n s  i n  s e v e r a l  
s u b s e q u e n t  e x p e r i m e n t s  showed a t e n d e n c y  t o  i n c r e a s e  i n  c r a b s  e x p o s e d  
t o  CIO (T ab le  6 ) .  Doss e f f e c t s  were  s i g n i f i c a n t  i n  e x p e r i m e n t  6  a t  
0 , 3 6  m g C l j / l  ( F i g u r e  1 3 ) ,  e x p e r i m e n t  9 a t  0 . 5 0  m g C ^ / l  ( F i g u r e  1 4 ) ,  
and e x p e r i m e n t  10 a t  0 , 4 8  m g C l j / l  ( F i g u r e  15) (ANOVA, p < 0 , 0 0 1 ) ,  Aft 
f o r  c h l o r i d e ,  t h e  t r e n d  was t o  i n c r e a s e  t h e  d i f f e r e n c e  b e t w e e n  ser u D  
and medium t o t a l  o s m o t i c  c o n c e n t r a t i o n s .  Time had a s i g n i f i c a n t  
e f f e c t  cn se r ix s  o s m o t i c  c o n c e n t r a t i o n  i n  s e v e r a l  e x p e r i m e n t s ,  b u t  
s i g n i f i c a n t l y  i n t e r a c t e d  w i t h  dose  o n l y  a t  1 . 0 4  m g C l j / l  CIO in  
e x p e r i m e n t  12 (ANOVA, p < 0 . 0 3 )  ( F i g u r e  1 6 ) .  I t  c an  be s e e n  t h a t  t h e
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FIGURE 11. E f f e c t s  o f  4**day exposure to  CIO on Rerun o sm o tic
c o n c e n tr a t io n  In C a l l ln e c t e *  aapldus from
experim ent 1 .
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FIGURE 12* E f fe c t s  o f  4 -d jy  exposure t o  CIO on serum o sm o tic
c o n c e n tr a tio n  In C a l l ln e c t e s  sa p ld u s  from
exp erim en t 2,
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FIGURE 1 3 . E f f e c t s  a f  CIO (0 .3 5  m g C lj /l)  and t in e  on serum
o sm o tic  c o n c en tr a tio n  In C allL n ectefl eap ldua
from experim en t 6*
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FIGURE 14. E f f e c t s  o f CIO (0 .5 0  m g C l j / l )  and tim e on serum
osm otic  c o n c e n t r a t i o n  In  C a l l l n e c t e e  sap ld u s
from exper im en t 9 .
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FIGURE 15. E f fe c t s  o f  CIO (0 .4 8  m g C lj /l)  and tim e on serum
osm otic  c o n c e n tr a tio n  In C a ll ln e c te e  ggpldua
from experim ent 10 .
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FIGURE 16. E f f e c t s  o f  CIO ( l i 0 4  m g C ^ /l)  and t in e  on Berum
o sm o tic  c o n c e n tr a tio n  In C a l l ln e c t e s  sa p id  ua
from  experim ent 12.
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d e c r e a s e  i n  s e n *  o n o t i c  c o n c e n t r a t i o n  i n  t h e  e x p e r i m e n t a l  c r a b s  
b e t w e e n  d a y s  1 a n d  2  i n  opp o sed  by a n  i n c r e a s e  i n  t h a t  o f  t h e  
c o n t r o l s  over  t h e  s a n e  t i m e  p e r i o d .
The e f f e c t  o f  t h e  t a n k  s i s e - f l o w - C I O  c o m b i n a t i o n s  o f  e x p e r i m e n t  
13 o n  o s m o t i c  c o n c e n t r a t i o n  (ANOVA, p < 0 . 0 0 5 )  ( T a b l e  7)  waa s i m i l a r  
t o  t h a t  o b s e r v e d  f o r  se rum c h l o r i d e  l e v e l s .  O sm o t ic  c o n c e n t r a t i o n s  
i n  c r a b s  from t h e  37 -1  i t e r - 1 0 0 0  m l / ta in* '  0 . 8 2  m g C l j / l i t e r  and 
1 8 - l i t e r - 5 0 O  m l / m i n -  0 . 7 4  i n g C l j / l i t e r  c o m b i n a t i o n s  were  e q u i v a l e n t  t o  
e a c h  o t h e r  and lo w e r  t h a n  t h o s e  i n  a l l  o t h e r  c o m b i n a t i o n s  ( T a b l e  9 ) .
Sod ium
Serum s o d i n n  w as  h y p e r r e g u l a t e d  by b o t h  e x p e r i m e n t a l  and c o n t r o l  
c r a b s  i n  a l l  e x p e r i m e n t s  i n  w h ich  i t  was m e a s u re d  ( T a b l e  1 0 ) .  Dose 
e f f e c t s  were  s i g n i f i c a n t  i n  e x p e r i m e n t  6  a t  0 . 3 6  m g C l ^ / l  (ANOVA, 
p < 0 . 0 0 5 )  ( F i g u r e  1 7 ) ,  e x p e r i m e n t  9 a t  0 . 5 0  m g C l j / l  (ANOVA, 
p < 0 . 0 0 2 )  ( F i g u r e  1 8 ) ;  e x p e r i m e n t  10 a t  0 .4B  m g C l j / l  (ANOVA, 
p < 0 . 0 3 )  ( F i g u r e  19)  and e x p e r i m e n t  12 a t  1 . 0 4  m g C l j / l  (ANOVA, 
p < 0 . 0 0 5 )  ( F i g u r e  2 0 ) .  In  mos t  e x p e r i m e n t s ,  h y p e r r e g u l a t i o n  o f  
s e r u m  sod ium  teemed  t o  be e n h a n c e d  by e x p o s u r e  t o  CIO. The o p p o s i t e  
t r e n d  o c c u r r e d  i n  e x p e r i m e n t s  A, 1 2 ,  and  13. I n  e x p e r i m e n t  13,  serum 
s o d i u m  l e v e l s  w e re  m e a s u r e d  o n l y  a t  t h e  end  o f  3 d a y s  and were  
s i g n i f i c a n t l y  d e p r e s s e d  i n  c r a b s  e x p o s e d  t o  0 , 8 2  mgCl2 / l  CIO 
( t  ■“ 0 . 4 4 ;  p < 0 , 0 5 ) .  Time e f f e c t s  o c c u r r e d  i n  s e v e r a l  e x p e r i m e n t s ,  
b u t  i n t e r a c t e d  w i t h  d o s e  e f f e c t s  o n l y  i n  e x p e r i m e n t  9 (ANOVA, 
p < 0 . 0 5 ) ,  where e n h a n c e d  h y p e r r e g u l a t i o n  o f  sod ium  by e x p e r i m e n t a l
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TABLE 9 .  STUDENT“HEWMAN-KEULSf TEST FOR TAHX SIZE-FLOW-CIO 
COMBINATION EFFECTS OH BERUH OSMOTIC CONCENTRATION IK 
C a l l i n e c t e a  a a p i d u a  FROM EXPERIMENT 13* BARS 
UNDERLINE EQUAL MEANS { a * 0 . 0 5 )
t a n k  s i c e  ( l i t e r s ) 37 1 8
f low  r a t e  ( n l / u i n ) 1 0 0 0 500
CIO l e v e l  ( m g C l j / l ) 0 . 8 2 0 . 7 4
o n o t i c  c o n e -
( n i  l l i o m t o l s  ) 7 3 8 , 9 7 4 1 . 8
E qua l  tie ana
IS 37 1 6 18 b a s e
250 1 0 0 0 500 2 5 0 —
0 . 0 0 0 * 0 0 0 . 0 0 0 . 5 8 0 . 0 0
7S0.S 7 8 3 , 4 7 8 6 . 4 7 9 7 . 3 8 0 8 - 6
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FIGURE 17. E f fe c ts  o f  CIO (0 .3 6  n g C l^ /l)  and tim e on serum
sodium c o n c en tr a tio n  in  Q a ll i nectefl sa p id u s
from experim ent 6 .
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FIGURE 16, E f f e c t s  o f CIO (0 .5 0  n g C ^ / l )  and tim e  on aertin
sodium  c o n c e n tr a tio n  In C a ll ln e c te s  sap ldtio
from experim ent 9 .
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FIGURE 19 , E f f e c t s  o f  CIO (0*48 nigCI^/L) and tim e on serum
sodium  c o n c e n tr e tIo n  In  C a llln e c te B  aapldue
from exp erim en t 10,
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FIGURE 20. E f fe c ts  o f  010  (1 .0 4  m g C lj/D  and tim e  on serum
sodium c o n c e n tr a t io n  In C a l l in e c t e e  aaptflua
from experim ent 12.
SO
D
IU
M
 
(m
cq
/l
il
tr
)
X • C O N T R O L *
4 • EXRCR1 M ENTALS
* «  M EDIUM
'
■ - ]
^  r  ± « . ► R A N a r
j
3 0 0 i
X
A
300<
MO I p  i ■■■ i   —1 < ■   t
O I Z 3 4
TIME (DAYS)
65
c r a b i  d e c r e a s e d  g r a d u a l l y  t o  c o n t r o l  l e v e l s  by t h e  e n d  o f  t h e  96<-hour 
e x p e r i m e n t a l  p e r i o d .
P o ta s s iu m
Serum p o t a a s i u d  was  h y p e r  r e g u l a t e d  by b o th  e x p e r i m e n t a l  and 
c o n t r o l  c r a b s  in  a l l  e x p e r i m e n t s  in  which i t  was m e a s u r e d  ( T a b l e  101 .  
Serum p q t a a a i u n  was d e c r e a s e d  by e x p o s u re  t o  1 . 0 4  m g C l j / l  CIO i n  
e x p e r i m e n t  12 (ANOVA, p < 0 . 0 0 5 )  ( F i g u r e  21) and by 3 - d a y s  e x p o s u r e  
t o  0 .8 2  mgCLg/ l  in  e x p e r i m e n t  13 ( t  ■ 2 . 4 3 ,  p < 0 , 0 5 ) ,  Dose had  no 
a f f e c t  in a n y  o t h e r  e x p e r i m e n t s ,  nor  were t h e r e  any o b v i o u s  t r e n d s  
( T a b l e  1 0 ) .  The e f f e c t  o f  t i m e  was s i g n i f i c a n t  o n l y  i n  e x p e r i m e n t  7 
( □ . 4 2  m g C i j / D  which  a l s o  i n c l u d e d  an i n t e r a c t i o n  b e t w e e n  t i m e  and 
d o s e  (ANOVA, p < 0 . 0 0 9 )  ( F i g u r e  2 2 ) .  Th i s  i n t e r a c t i o n  was m a n i f e s t e d  
by a d e c r e a s e  i n  t h e  e n h a n c e d  h y p e r r e g u l a t  ion  o f  p o t a s s i m  by t h e  
e x p e r i m e n t a l  c r a b s  t o  c o n t r o l  l e v e l s  a f t e r  24 h o u r s .
C a lc iu m
Like  s o d  i n n  and p o t a s s  i n n ,  serum c a l c i u r  was h y p e r r e g u l a t e d  by 
b o t h  e x p e r i m e n t a l  and c o n t r o l  c r a b s  in  a l l  e x p e r i m e n t s  in  w h ich  i t  
was m e a s u re d  ( T a b l e  1 0 ) .  I n  m o s t  e x p e r i m e n t b ,  e x p o s u r e  t o  CIO c a u s e d  
e n h a n c e d  h y p e r r e g u l a t i o n  o f  s e r u m  c a i c i i a o  a f t e r  t h e  f i r s t  24 h o u r s .  
T h i s  e f f e c t  was s i g n i f i c a n t  i n  e x p e r i m e n t  fl a t  0 , 4 7  t n g C l j / l  (ANOVA, 
p < 0 , 0 0 5 )  ( F i g u r e  23)  and e x p e r i m e n t  10 a t  0 .4 f l  n g C l j / l  (ANOVA, 
p < 0 , 0 0 5 )  ( F i g u r e  2 4 ) .  C o n v e r s e l y ,  in e x p e r i m e n t  6  a t  0 . 3 6  m s C l 2 / l , 
h y p e r r e g u l d t  io n  o f  ser iaa  c a l c i u m  was s i g n i f i c a n t l y  i n h i b i t e d  (ANOVA,
66
FIGURE 21. E ffe c ts  o f  CIO (1 .04  mgCl^/L) and tim e on serum
potassium  c o n c e n tr a t io n  In C a ll ln e c ta e  aapldua
from experim en t 12.
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FIGURE 22. E f f e c t s  o f  CIO ( 0 .4 2  n g C lj /U  and tim e on serum
p o ta ss  Io n  c o n c e n tr a t io n  In  C alllitB C tes sap ld u e
fro a  experim ent 7 .
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FIGURE 23 E f f e c t s  o f  CIO ( 0 , 4 7  mgCl2/ l )  and t in e  on serum
c a lc iu m  c o n c e n tr a t io n  In C a ll in e c te f l  sajjid u e
from  experim ent 6 ,
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FIGURE 24 .  E f f e c t s  o f  CIO ( 0 . 4 9  m g C l j / l )  a n d  t i n e  a n  a e r u n  
c a l c i u m  c o n c e n t  r a t i o n  I n  C a l l f n e c t e a  a a j j l d u s  
f rom e x p e r i m e n t  1 0 .
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p < 0 , 0 0 4 )  ( F i g u r e  25) by e x p o s u r e  t o  CIO, A s i m i l a r  e f f e c t  o c c u r r e d  
i t  0 .8 2  m gC L j / l  i n  e x p e r i m e n t  13 ( t  ■ 2 , 5 3 ,  p < 0 , 0 5 ) ,  In  
e x p e r i m e n t s  Where c a l c i u a  h y p e r r e g u l a t i o n  was e n h a n c e d ,  v a l u e s  t e n d e d  
t o  d e c r e a s e  t o  o r  b e lo w  t h e  c o n t r o l  L eve ls  by th e  end o f  t h e  
e x p e r i m e n t .  T h i s  i n t e r a c t i o n  was s i g n i f i c a n t  in  e x p e r i m e n t  10 
(ANOVA, p < 0 . 0 2 ) ,  e x p e r i m e n t  11 a t  0 . 6 2  o g C ^ / l  (ANOVA, p < 0 . 0 0 9 )
( F i g u r e  2 6 ) ,  and  e x p e r i m e n t  12 a t  1 , 0 4  m g C l^ / l  (ANOVA, p < 0 . 0 0 5 )
( F i g u r e  2 7 ) .
Magnesium
S e ru u  m a g n e s i m  « a i  h y p o r e g u l a t e d  i n b o t h  e x p e r i m e n t a l  and 
c o n t r o l  c r a b s  in  a l l  e x p e r i m e n t a  in  w hich  i t  was m e a s u re d  ( T a b l e  1 0 ) .  
Exposure  t o  CIO d e c r e a s e d  t h e  a b i l i t y  o f  c r a b s  to  h y p a r e g u l a t e  a e r w  
m a g n e s i m .  T h i s  e f f e c t  w ai  s i g n i f i c a n t  a t  a l l  CIO l e v e l s  f ro m  0 . 4 7  
t o  1 .04 m g C l ^ n  (ANOVA, p < 0 . 0 2 7 ;  F i g u r e s  2 0 - 3 2 ) ,  i n c l u d i n g  t h e  
0 ,82  m g C l i / l  CIO d o s e  o f  e x p e r i m e n t  J3  <t  -  1 5 .5 5 ,  p < 0 , 0 0 1 ) .  The 
m a g n i tu d e  o f  t h e  e f f e c t  seemed t o  i n c r e a s e  w i th  i n c r e a s i n g  CIO 
l e v e l s .
Time and  d ose  i n t e r a c t e d  o n ly  in  e x p e r i m e n t  12. I n  t h i s  
e x p e r i m e n t ,  serum m agres  i ian i n c r e a s e d  s h a r p l y  o ve r  48 h o u r s  in  c r a b a  
exposed  t o  1 . 0 4  n g C l 2 / l  CIO, w h i l e  c o n t r o l s  showed o n l y  a a l i g h t  
i n c r e a s e  ( F i g u r e  3 2 ) .
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FIGURE 25.  E f f e c ts  o f  CIO (0 ,36  sod time on serum
calc ium  c o n c e n t r a t io n  in  C a l l i n e c t e s  eap idua 
from experim en t 6#
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FIGURE 26 , E f f e c t s  o f  CIO (0 ,6 2  u g C l^ / l )  and t in e  on serum
c a lc lu n  c o n c e n tr a t io n  In  C a lltn e c te g  aapidua
from exp erim en t 11,
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FIGURE 27. E f f e c t s  o f  CIO (1 .0 4  n g C l^ /l)  And t i n e  on eerum
c a lc lu n  c o n c e n tr a t io n  In  C a l l in e c t e e  aapidue
from exp erim en t 12.
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F1GUKE 28. E f fe c ts  o f  CIO (0 .4 7  m g C ^ /l)  and tim e on serum
magnesium co n cen tra tio n  In C a ll ln e c te a  sapldua
from experim ent fi.
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FIGURE 29. E f fe c t s  o f  CIO (0 .5 0  m g C ^ /l)  and t in e  on serum
magnesium c o n c e n tr a tio n  In C a l l ln a c t e s  aapldus
from experim ent 9 .
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FIGURE 30. E f f e c t s  o f  CIO (0 .4 0  m g C ^ /l)  and tim e cm serum
magnesium c o n c e n tr a t io n  in  C a ll in e c te a  eap idue
fr o n  experim en t 1 0 .
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FIGURE 31, E f fe c ts  o f  CIO (Q»62 m gCl^/D and tim e on serum
magnesium c o n c en tr a tio n  In C a lH p a c tea  sapldua
from experim ent II*
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FIGURE 32. E f fe c ts  o f  CIO (1 .0 4  m g C lj /U  and tlitte on serum
magnesium c o n c e n tr a t io n  In  C a l l ia e c t e s  sa p ld u s
from exp erim en t 12.
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B e h a v i o r a l  artd Q t h e f  Response*
Feed 1ng—
Crabs  ware f e d  th r o u g h o u t  e x p e r i m e n t s  3 t h ro u g h  1 2  w i t h  e i t h e r  
an e x p e r i m e n t a l  P u r i n a  Mar ine Chow o r  squ id  s q u a r e s .  D i s i n t e g r a t i o n  
o f  t h e  m a r i n e  chow in  th e  f i f t h  e x p e r i m e n t  a f t e r  w e t t i n g  and 
m a n i p u l a t i o n  o r  t r a m p l i n g  by th e  c r a b s  made i t  d i f f i c u l t  t o  be 
c e r t a i n  w h e th e r  t h e r e  were f e e d i n g  d i f f e r e n c e s  be tween  e x p e r  intent a l s  
and c o n t r o l s .  I t  seemed,  how ever ,  t h a t  t h e  e x p e r i m e n t  a l e  were 
f e e d i n g  l e s s .  T h i s  was c o n f i rm e d  d u r i n g  e x p e r i m e n t s  6  t h ro u g h  12 i n  
which e x p e r i m e n t a l  crabH o b v i o u s l y  a t e  l e s s  s q u i d  t h a n  th e  c o n t r o l s .
Whether  t h i s  f e e d i n g  r e s p o n s e  was t h e  r e s u l t  o f  poor h e a l t h  in  th e  
e x p e r i m e n t a l  c r a b s  o r  an i n a b i l i t y  on t h e i r  p a r t  t o  s e n s e  t h e  food i n  
c h l o r i n a t e d  w a te r  i s  u n c l e a r ,  A c l u e  may have  been o f f e r e d  i n  
e x p e r i m e n t  9 in  which e x p e r i m e n t a l  c r a b s  began  f e e d i n g  im m e d ia te ly  
( 1 - 2  h r s )  a f t e r  c h l o r i n e  i n p u t  to  t h e  d o s in g  sy s tem  was a c c i d e n t  iy  
s hu t  o f f .
Spawning—
In  t h e  f i f t h  e x p e r i m e n t  o f  t h i s  s e c t i o n ,  s e v e r a l  of  t h e  c r a b s  
spawned in  t h e  48 -co m p a r tm e n t  s y s t e m .  V i r t u a l l y  a l l  o f  t h e  o b s e r v e d  
spawning o c c u r r e d  in  t h e  c o n t r o l s .  R e t e n t i o n  o f  eggs  on th e  p le o p o d s  
was poor  p r o b a b ly  b e c a u s e  o f  t h e  c o n f i n e m e n t .
90
A c t i v i t y - -
E f f a c t s  o f  CIO l e v e l *  on c r a b  m o t i l i t y  w e r e  u n o b s e r v a b l e  b e c a u s e  
Che d o s i n g  s y s t e m  was t o o  c o n f i n i n g .  H owever ,  i t  wan n o t i c e d  t h a t  
d osed  c r a b *  t e n d e d  t o  k e e p  t h e i r  a n t e n n u l e s  w i t h d r a w n ,  making  o n l y  a 
Few t e n t a t i v e  movements i n t o  t h e  w a t e r .  T h i s  r e a c t i o n  seemed more  
p ronounced  a t  h i g h e r  donee  and c o n t r a s t e d  w i t h  t h e  c o n t r o l  c r a b s  
whose a n t e n n u l e s  seemed t o  be a l w a y s  e x t e n d e d .
C h l o r i n e  Demand
D u r in g  e x p e r i m e n t s  u s i n g  t h e  4 8 - c o m p a r tm e n t  s y s tem ,  i t  wan 
n o t i c e d  t h a t  i n t r o d u c t i o n  o f  c r a b s  to  t h e  s y s t e m  seemed to  a l t e r  t h e  
m e asu re d  CIO c o n c e n t r a t i o n s .  S pec  1 £i c s 1 l y , a t  h i g h  CIO 
c o n c e n t r a t i o n s  i n t r o d u c t i o n  o f  c r a b s  l o w e re d  t h e  measured l e v e l .
Such a demand was  p r e s e n t  in  t h e  f i f t h  e x p e r i m e n t  where th e  CIO
c o n c e n t r a t i o n  was r e d u c e d  f rom  0 . 4  7 m g C l j / l  t o  0 . 4 4  m g C ^ / l  when t h e
c r a b s  were p r e s e n t  ( t  “ 2 . 4 6 ,  < 0 . 0 2 ) ,  I t  a l s o  o c c u r r e d  in  
e x p e r i m e n t s  3 and  4 ,  b u t  was s i g n i f i c a n t  o n ly  in  exp e r im en t  4  w h e r e
t h e  CIO l e v e l  was  r e d u c e d  from 0 . 8 2  n g C ^ / l  to  0 . 7 1  m g C ^ / l
( t  =■ 3 . 9 9 ,  p < 0 . 0 0 1 ) .  ThiH phenomenon o c c u r r e d  a l s o  in t h e  
e x p e r i m e n t *  f o r  l e t h a l  l i m i t s  b u t  was a t t r i b u t e d  t o  v a r y i n g  demand in  
t h e  inc om ing  w a t e r .  I n  t h e  4 9 - c o m p a r t m e n t  s y s t e m ,  however,  t h e  c r a b s  
w ere  i m p l i c a t e d  b e c a u s e  t h e  p a t t e r n  was n o t  im m e d ia te ly  v i s i b l e  
e x c e p t  a t  t h e  h i g h e r  d o s e s .  I n  o n e  e x p e r i m e n t ,  m e a s u re d  CIO l e v e l s  
i n  t a n k s  w i t h  a n d  w i t h o u t  c r a b s  w e r e  compared  s t a t i s t i c a l  ly f o r  a 
s e r i e s  o f  d o s e *  r a n g i n g  from a p p r o x i m a t e l y  0 . 0 3  t o  0 , 5  mgCl^ / l
SI
( T a b l e  1 1 ) .  A n t l y s i i  r e v e a l e d  a d a u n d  o n ly  At t h e  h i g h e s t  l e v e l  
where c r a b s  r ed u ce d  t h e  m e a s u r e d  CIO c o n c e n t r a t  i n n  a from 0 , 4 9  t o  
0 , 4 2  m g C l j / l .  T h i*  demand v i a  t h o u g h t  t o  b e  t h e  r e s u l t  o f  t h e  
e x c r e t i o n  o f  a m o u i a  o r  o r g a n i c  a by t h e  c r a b j ,  i t  was t h o u g h t  
u n u s u a l ,  t h e r e f o r e ,  And p e r h a p s  Anomalous t h a t  a t  t h e  n e x t  lower doae  
( 0 . 2 0  m g C ^ / l )  i n t r o d u c t i o n  o f  c r a b s  r a i s e d  t h e  m easured  CIO l e v e l  t o  
0 , 2 7  ®gCl2 / l .
T h i s  l a t t e r  phenomenon t u r n e d  o u t  n o t  t o  b e  u n u s u a l  a t  a l l .
T a b l e  11 shows t h a t ,  a l t h o u g h  d i f f e r e n c e s  were n o t  s i g n i f i c a n t  a t  
i n d i v i d u a l  d o s e s ,  co m p a r tm e n t s  w i t h  c r a b e  c o n s i s t e n t l y  showed h i g h e r  
m e asu re d  CIO l e v e l s  a t  t h e  Lower d o s e s  t h a n  t h o s e  w i t h o u t .  A l s o ,  in  
e x p e r i m e n t s  6  t h r o u g h  1 0  i n t r o d u c t i o n  o f  c r a b s  t o  t h e  s y s t e m  c a u s e d  a 
marked i n c r e a s e  in t h e  m e asu re d  CIO l e v e l  t h a t  p e r s i s t e d  t h r o u g h o u t  
t h e  e x p e r i m e n t s  ( T a b l e  2 ) .  D i f f e r e n c e s  were  s i g n i f i c a n t  ( t  ■ 1 1 , 2 ,
11.5,  8 . 5 ,  1 4 . 6 and 2 . 5 ,  r e s p e c t i v e l y ;  p < 0 , 0 2 ) .  The e f f e c t  was 
r e v e r s e d  in e x p e r i m e n t  11 ( t  ■ 4 . 7 ;  p < 0 . 0 0 1 )  and a p p a r e n t l y  in  
e x p e r i m e n t s  12 and 13,  a l t h o u g h  s i m u l t a n e o u s  c o m p a r i s o n s  among t a n k s  
w i th  and w i t h o u t  c r a b s  were n o t  p o s s i b l e  i n  t h e s e  l a t t e r  e x p e r i m e n t s .
I t  seems as  i f  c r a b s  i n c r e a s e  t h e  m e a s u r e d  CIO l e v e l  a t  low 
d o s e s  b u t  d e c r e a s e  i t  a t  h igh  d o s e s  a p p r o a c h i n g  and e x c e e d i n g  t h e  
l e v e l  o f  no e f f e c t  ( 1 B . 3 ^ e q / 1  ■ 0 , & 5  m g / l )  d e r i v e d  from t h e  9 6 - h r  
LC50 t e s t s ,  d e t e r m i n a t i o n  of  t h e  mechanisms r e s p o n s i b l e  f o r  t h i s  
e f f e c t  i s  beyond th e  scope  o f  t h i s  s t u d y ,  bu t  i t  i s  p o s s i b l e  t h a t  
ammonia produced  by t h e  c r a b s  r e a c t s  w i th  t h e  CIO t o  p ro d u c e
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B3
r e s i d u a l s  c h a t  decay  m o re  s l o w l y  t h e n  t h u s e  p r o d u c e d  when c r a b s  a r e  
a b s e n t ,  t h u s  c o n t r i b u t i n g  Co h i g h e r  m A H u r e d  CIO l e v e l s .  P o s i t i v e  
d a u n d  a t  h i g h e r  d o s e s  c o u l d  r e p r e s e n t  b o n d i n g  o f  c h l o r i n e  r e s i d u a l *  
t o  o r g a n i c  compounds r e l e a s e d  by s t r e s s e d  c r a b s  ( s e e  Genera l  
D i s c u s s i o n )  .
Ammonia n i t r o g e n
Tank ammonia l e v e l s  w ere  d e p e n d e n t  o n  t h e  t a n k  s i r e - f l o v - C I O  
c o m b i n a t i o n s  o f  e x p e r i m e n t  13 (ANOVA, p < 0 . 0 0 5 ) .  As would be 
e x p e c t e d  t h e  h i g h e s t  L e v e l s  o c c u r r e d  in  t h e  t a n k s  w i t h  th e  l o w e s t  
f lo w  p e r  c r a b  ( 1 8 - L i t e r - 2 50 n l / m i n )  ( T a b l e  1 2 ) ,  The r e m a in in g  t a n k s ,  
a l l  w i th  e q u i v a l e n t  f l o w s  p e r  c r a b ,  had  r o u g h l y  c o m p a r a b le  ammonia 
l e v e l s  w i t h i n  e a c h  o f  t h e  c o n t r o l  and e x p e r i m e n t a l  g r o u p s .  M easured  
anm onia  l e v e l s  were g r e a t l y  r e d u c e d  in  t a n k a  c o n t a i n i n g  CIO. The 
mean d i l u e n t  ammonia l e v e l  ( x  ■ 0 , 1 0  r a g / l ;  SD ■ 0 . 0 4 )  was l e s s  t h a n  
h a l f  th e  l o w e s t  l e v e l  o f  Che c o n t r o l  g r o u p  ( x  ■ 0 . 2 5  m g / 1 ;
SD -  0 , 0 6 ) .
Pi  s c u s a  i o n
M o r t a l i t y
The m o r t a l i t y  d a t a  from t h i s  s e r i e s  o f  e x p e r i m e n t s  a r e  o n l y  
r o u g h ly  c o m p a r a b le  t o  t h e  d a t a  from t h e  A c u te  T o x i c i t y  s t u d y .
However,  t h e  p r e s e n t  e x p e r i m e n t s  w ere  n o t  d e s i g n e d  t o  m easure  
m o r t a l i t y .  The e s t i m a t e s  w ere  d e r i v e d  f ro m  a p o p u l a t i o n  t h a t  was 
b e i n g  a r t i f i c a l l y  d e p l e t e d  t h r o u g h  n o n - r e p l a c e m e n t  o f  p r e d e t e r m i n e d
8 4
TABLE U .  STtrDENT-NEWXAH-KEULS ' TEST FOR TANK 3 1 2 E-FLOW-CIO 
COMBINATION EFFECTS ON AMMONIA-NITROGEN IN TANKS FROM 
EXPERIMENT 13. BARS UNDERLINE EQUAL MEANS ( a - 0 . 0 5 )
Ednk a i t *  ( l i t e r * )  
f low r a t a  ( m l /m i n )  
CIO l e v e l  ( u g C l ; / l )  
NH4 -n  ( a g / 1 )
E qua l  meana
37 18 18
1 0 0 0 500 250
0 .8 2 0,  74 0 .  58
0 . 0 1 0 . 0 3 0 . 1 2
37 18 18
1 0 0 0 500 250
0 . 0 0 0 . 0 0 0 . 0 0
0 . 2 5 0 . 32 0 . 4 9
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d a i l y  s a m p l e * , which  a l s o  h a d  v a r y i n g  n u a b e r a  o f  C I O - i n d u c e d  d e a c h e .
The e s t i m a t e s  were  u s e d  o n l y  t o  a s s e s s  che r e l a t i v e  a o u n t i  o f  
C I O - in d u c e d  " a t t d i a . "
I t  c an  be s e e n  t h a t  s e r i n  s a m p l e *  f rom e x p e r i m e n t s  8 , 10 ,  11 ,
12, and 13 were t a k e n  f r o m  c r a b s  f rom p o p u l a t i o n s  e x p e r i e n c i n g  
C I O - in d u c e d  m o r t a l i t i e s .  However ,  i t  s h o u l d  be n o t e d  t h a t  serum 
sam ples  were  t a k e n  o n l y  f ro m  t h e  s u r v i v o r s  o f  an e x p e r i m e n t .  T h i s  
c o n d i t i o n  r e p r e s e n t s  a n  I n h e r e n t  b i a s  i n  t h i s  s t u d y  i n  t h a t  o n ly  t h e  
more r e s i s t a n t  c r a b s  were  s a m p l e d .
TNFS
S e r u n  TNPS l e v e l s  d e t e r m i n e d  i n  t h i s  s t u d y  w e re  c o n s i s t e n t l y  
lower  t h a n  t h o s e  f o r  C a l l i n e c t e s  s a p i d u a  r e p o r t e d  f rom t h e  F i e l d  by 
Lynch and  Webb ( 1 9 7 3 a )  a t  c o m p a r a b l e  s a l i n i t i e s  and  t e m p e r a t u r e s .
While v a r i a t i o n  in  s e ru m  TNPS o f  (1. s a p i d u a  c o u l d  b e  r e l a t e d  t o  a 
v a r i e t y  o f  f a c t o r s  ( L y n c h ,  1 9 7 4 ) ,  F i n d l e y  and S t i c k l e  ( 1 9 7 8 )  a l s o  
r e p o r t e d  low er  v a l u e s  and  a t t r i b u t e d  t h a n  t o  t h e  n u t r i t i o n a l  s t a t e  n f  
t h e i r  l a b o r a t o r y - h e l d  c r a b s .  N u t r i t i o n a l  s t a t e  c o u l d  a l s o  be a f a c t o r  
in  t h i s  s t u d y ,  even  th o u g h  t h e  c r a b s  were  f e d .
B lo c k  (1 9 7 7 )  r e c e n t l y  c o n c l u d e d  w i t h o u t  e l a b o r a t i o n  t h a t  
c o n t i n u o u s  e x p o s u r e  o f  b l u e  c r a b s  t o  0 . 6 3  m g C l j / l  CIO f o r  144 h r  a t  
14 *Voo and 25*C c a u s e s  a b reakdow n i n  t h e  c r a b ' s  o s m o t i c  i n t e g r i t y .
T h i s  c o n c l u s i o n  was b a s e d  on  o b s e r v e d  c h a n g e s  in  e e r i m  o s m o l a r i t y ,  
c h l o r i d e ,  so d iu m ,  p o t a s s  limd, and TNPS. E m phas is  was  p l a c e d  i n  TNPS, 
which  was s a i d  t o  h a v e  i n c r e a s e d  4 0 - f o l d  d u r i n g  e x p o s u r e .  Such a
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r e s u l t  m igh t  be  e x p e c t e d  w i t h  t h e  d e s t r u c t i o n  o f  o s m o t i c  I n t e g r i t y  o f  
a h y p e r r e g u l a t o r  s i n c e  t h e  e f f e c t  on i n t e r n a l  c e l  l a  would be s i m i l a r  
t o  t h a t  r e s u l t i n g  from p l a c i n g  t h e  c e l l *  i n  d i l u t e  m e d ia .  I n c r e a s e s  
in  s e ru m  TNPS h a v e  b e e n  r e l a t e d  t o  i n t r a c e l l u l a r  o n o t i c  a d j u s t m e n t  i n  
E r i o c h e i r  s i n e n s i s  ( V i n c e n t - H a r i q u e  and C i L l e s ,  1970) and F a n u l i r u s  
l o n g i p e a  ( D a l i ,  1 9 7 5 ) .
Baaed on p r e s e n t  r e s u l t s ,  i f  t h e  o s m o t i c  i n t e g r i t y  o f  C. s a p i d u a  
i s  compromised  by e x p o s u r e  t o  CIO, i t  i s  n o t  r e f l e c t e d  in  th e  s e r u n  
TNPS o f  s u r v i v i n g  c r a b s  a f t e r  24 t o  9 6  h o u r s  o f  expo s u r e .  T h e r e  w e re  
no c o n s i s t e n t  i n c r e a s e s  in  s e r u n  TNPS on e x p o s u r e  o f  c r a b s  t o  e v e n  
l e t h a l  l e v e l s  o f  CIO. T h i s  r e s u l t  i a  in  m a rke d  c o n t r a s t  to  t h a t  o f  
B lock  (1 9 7 7 ) ,
The d i f f e r e n c e  b e t w e e n  th e  two s t u d i e s  c o u l d  be  r e l a t e d  t o  
s a l i n i t y  d i f f e r e n c e s .  S a l i n i t i e s  i n  my e x p e r i m e n t s  w ere  3 t o  10 ° / o o  
h i g h e r  t h a n  t h o s e  i n  B l o c k ' s  ( 1977)  e x p e r i m e n t .  I t  i s  c o n c e i v a b l e  
t h a t  t h e  c r a b s  i n  my e x p e r i m e n t s  w e r e  n o t  h y p e r r e g u l a t i n g  enough t o  
r e q u i r e  th e  t y p e s  o f  o s m o t i c  a d j u s t m e n t  t o  CIO dmnage s een  a t  t h e  
lower S a l i n i t y .
I t  i s  j u s t  a s  l i k e l y ,  how eve r ,  t h a t  t h e  i n c r e a s e d  in TNPS 
r e p o r t e d  by B lock  ( 1 9 7 7 )  r e p r e s e n t s  a  b i a s ,  r e s u l t i n g  from 
m e a su re m e n t s  on se rum  from dy ing  c r a b s .  The o n ly  c r a b s  i n  th e  p r e s e n t  
s t u d y  which  showed an o s m o t i c  i m b a l a n c e ,  b a s e d  on i n c r e a s e d  TNPS, were  
m o r i b u n d .  In e x p e r i m e n t s  8  and 1 3 ,  s e v e r a l  c r a b s  b e c m ie  mor ibund  
a f t e r  e x p o s u r e  t o  CIO,  b u t  d id  not  q u i t e  meet  t h e  c r i t e r i a  n e c e s s a r y
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t o  d e c l a r e  them dead .  Serum TNPS f rom t h o s e  c r a b s  waa e x t r e m e l y  h i g h ,  
and t h e  v a l u e s  were e x c l u d e d  from s t a t i s t i c a l  A n a l y s i s .  In a d d i t i o n ,  
t h e  i n c r e a s e d  serum TNPS r e c o r d e d  in  e x p e r i m e n t  2  may a l s o  h ave  
r e s u l t e d  from v a l u e s  Croat mor ibund c r a b * .  Moribund c r a b s  in  t h e  
e a r l i e r  e x p e r i m e n t s  were  u s u a l l y  n o t  s a m p l e d ,  b u t  t h e  l w  t e m p e r a t u r e s  
in  e x p e r i m e n t  2 made i t  d i f f i c u l t  t o  d e t e r m i n e  i f  i n a c t i v i t y  was  th e  
r e s u l t  o f  CIO o r  low t e m p e r a t u r e .  In  any c a s e ,  s i n c e  t h e  i n c r e a s e  in  
TNPS in  t h e s e  e x p e r i m e n t s  o c c u r r e d  o n l y  in  m or ibund  c r a b s ,  i t  i s  n o t  
c l e a r  w h e th e r  t h e  o s m o t ic  im b a la n c e  i s  t h e  r e s u l t  o r  t h e  c a u s e  o f  c r a b  
d e a t h * .
P r o t e i n
P r o t e i n  v a l u e s  from a l l  t e s t a  were  c o m p a r a b le  t o  l e v e l s  
p r e v i o u s l y  r e p o r t e d  f o r  (J. s a p i d u a  sampled  a t  s i m i l a r  t e m p e r a t u r e s  and 
s a l i n i t i e s  i n  t h e  f i e l d  (Lynch and Webb, 1 9 7 3 b ) .  CIO t o x i c i t y  waa 
e x p e c t e d  t o  c a u s e  a l t e r a t i o n s  in  serum p r o t e i n  l e v e l s  e i t h e r  by d i r e c t  
c h em ica l  i n t e r a c t i o n  o r  i n d i r e c t l y  t h r o u g h  d i s r u p t i o n  o f  
o s m o r e g u l a t i o n  o r  e f f e c t s  on m e t a b o l i s m .  However,  i t  i s  e v i d e n t  t h a t  
a c u t e  CIO t o x i c i t y  t o  b l u e  c r a b s  u n d e r  th e  c o n d i t i o n s  o f  t h e  
e x p e r i m e n t s  does  not  i n v o l v e  mechanisms t h a t  p roduce  a l t e r a t i o n s  in  
serum p r o t e i n .  Compensatory  r e s t o r a t i o n  o f  normal  se rum p r o t e i n  
l e v e l s  may be o c c u r r i n g  h u t  can n o t  be c o n f i r m e d  w i th  p r e s e n t  d a t a .
P r e v l o u a  i n v e s t i g a t i o n s  o f  t h e  e f f e c t s  o f  c h l o r i n a t e d  w a t e r  on 
b lood  p r o t e i n  have  been l i m i t e d  t o  f r e s h w a t e r  f i s h .  Z e i t o u n  ( 1 9 7 7 ,
1978) found e l e v a t i o n s  o f  p la sma p r o t e i n  i n  ra inbow  t r o u t  e x p o s e d  t o
t o t a l  r e s i d u a l  c h l o r i n e  L e v e l s  a s  Law a s  1 .02  m g C l j / l .  T h e s e  r e s u l t s  
c o n t r a s t e d  w i t h  t h o s e  f rom t h e  b l u e  c r a b  s t u d y ,  b u t  d i r e c t  c o m p a r i s o n s  
w e r e  d i f f i c u l t .  I n t e r v e n i n g  f a c t o r s  i n c l u d e d  d i f f e r e n c e s  i n  s a l t w a t e r  
c r a b  and f r e s h w a t e r  f i s h  p h y s i o l o g i e s ,  d i f f e r e n c e s  i n  c h l o r i n e  
c h e m i s t r y  i n  f r e s h  and  s e a  w a t e r ,  d i f f e r e n c e s  i n  l e v e l s  o f  CIO u s e d  
( t h e  l o w e s t  l e v e l s  need  i n  t h e  f i s h  e x p e r i m e n t *  were  n e a r  t h e  h i g h e s t  
l e v e l s  u sed  i n  t h e  c r a b  s t u d y ) ,  a n d / o r  d i f f e r e n c e s  i n  s a m p l i n g  
i n t e r v a l s  ( f i s h  b lood  vaa  s a m p l e d  w i t h i n  one  ho u r  o f  e x p o s u r e  w h i l e  
c r a b  b lo o d  was ■ stapled a t  2 4 - h o u r  i n t e r v a l s ) .
I n o r g a n i c  I o n s
In  i n i t i a l  e x p e r i m e n t s ,  t h e  a p p a r e n t  d e c r e a s e  i n  t h e  a b i l i t y  o f  
b l u e  c r a b s  t o  h y p e r r e g u l a t e  s e rm n  c h l o r i d e  and o s m o t i c  c o n c e n t r a t i o n s  
d u r i n g  e x p o s u r e  t o  CIO was  s i m i l a r  t o  e f f e c t s  found by B lo c k  ( 1 9 1 7 ) .
He ex p o s ed  c r a b s  t o  0 , 6 3  m g C l j / l  f o r  144 h o u r s  and c o n c l u d e d  t h a t  CIO 
t o x i c i t y  c a u s e s  a b reakdow n  i n  t h e  o s m o t i c  i n t e g r i t y  o f  t h e  b l u e  c r a b .  
The p r e s e n t  s t u d y  a t t e m p t e d  t o  c o n f i r m  t h e s e  r e s u l t *  w i th  t h e  b l u e  
c r a b  by m e a s u r i n g  th e  e f f e c t s  o f  CiU l e v e l s  as  h i g h  a s  1 , 0 4  m g C l j / l  on 
s e ru m  t o t a l  o s m o t i c  c o n c e n t r a t i o n ,  c h l o r i d e  and m a jo r  c a t i o n s .  
C o n f i r m a t i o n  was n o t  f o r t h c o m i n g .  At b e a t ,  e f f e c t s  on mos t  o f  t h e s e  
c o n s t i t u e n t s  seemed e r r a t i c  and u n r e l a t e d  t o  CIO l e v e l .  However ,  
t r e n d s  i n  many e x p e r i m e n t s  w e re  f o r  h y p e r r e g u l a t e d  c o n s t i t u e n t s  t o  
show en h an c ed  h y p e r r e g u l a t i o n  ( c h l o r i d e ,  o s m o t i c ,  s o d i u m ,  c a l c i u m ) .
T h i s  r e s u l t  wa* c o n t r a r y  t o  t h e  e x p e c t e d  d i s r u p t i o n  o f
h y p e r  r e g u l a t i o n .  E nhancem en t  o f  o m o r e g u l a t  ion  o c c u r r e d  e v e n  when
c h l o r i d e  was h y p o r e g u l a t e d  i n  e x p e r i m e n t  1 2 .
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The r e a s o n s  f o r  t h e  enh an c em en t  o f  o s m o r e g u l a t i o n  i n  some c r a b *  
e x p o s e d  t o  CIO a r e  u n c l e a r .  The e f f e c t  on t h e  i n d i v i d u a l  c a t i o n s  
seem e d  t o  be  r e f l e c t e d  i n  t h e  t o t a l  o n o t i c  c o n c e n t r a t i o n ,  and may 
r e f l e c t  c o m p e n s a to ry  r e a c t i o n s  to  o x i d a n t  d o n a t e  a t  t h e  r e g u l a t o r y  
s i t e s .  The a b i l i t y  o f  b l u e  c r d b a  t o  c o m p e n s a t e  f o r  o s m o r e g u l a t o r y  
a t r e s H  h a s  been  w e l l  d o c u a e n t e d  {Towle e t  s l , t I9 7 6 j  Cameron, 1979 ;  
N e u f e l d  and P r i t c h a r d ,  1 979 ) .  D i s r u p t i o n  o f  h y p e r r e g u l a t i o n  a t  
1 . 0 4  m g C l j / l  f o r  s e v e r a l  o f  t h e  io n s  p r o b a b l y  r e s u l t e d  from 
d e t e r i o r a t i n g  p h y s i o l o g i c a l  c o n d i t i o n  o f  t h e  c r a b s  r a t h e r  t h a n  t h e  
d i r e c t  e f f e c t s  o f  CIO.
The o n ly  c o n s t i t u e n t  c o n s i s t e n t l y  a f f e c t e d  by CIO was serum 
r a a g u e s i i n .  Hague s i  lid h y p o r e g u l a t i o n  was d i s r u p t e d  a t  0 , 4 7  m g C l j / l  and 
h i g h e r .  T h i s  e f f e c t  was s i m i l a r  t o  t h a t  r e p o r t e d  fo r  Cance r  
p r o d u c t  u s , e x c e p t  t h a t  serum sod i iaa  r e g u l a t i o n  i n  Cancer was a l s o  
d i s r u p t e d  ( R o e s i j a d i  e t  a l . ,  1 9 7 9 ) .  S e r u n  sod iixs  was a f f e c t e d  i n  t h e  
b l u e  c r a b  o n l y  in  e x p e r i m e n t  1 2 . As i n  t h e  b l u e  c r a b ,  s e r u n  sod ium  
a n d  c a l c i u m  in  C an ce r  seemed t o  be e n h a n c e d  a t  some d o s e s ,  bu t  n o t  t o  
s i g n i f i c a n t  l e v e l s .  The e f f e c t s  a n  C a n c e r  w ere  i n t e r p r e t e d  as 
d i s r u p t i o n  o f  magt iea iuo r e g u l a t i o n  a t  t h e  b l a d d e r  v a i l ,  w i t h  the  
s u g g e s t i o n  t h a t  i n c r e a s e d  magnes ium l e v e l s  in  t h e  c r a b  i n t e r f e r e d  w i t h  
n e u r a l  a c t i v i t y ,  e v e n t u a l l y  l e a d i n g  t o  d e a t h .  T h i s  mechanism i s  
c o n s i s t e n t  w i th  r e s u l t s  o b t a i n e d  f o r  t h e  b l u e  c r a b .
In th e  e a r l i e r  a c u t e  t o x i c i t y  e x p e r i m e n t s ,  i t  was n o t e d  t h a t  t h e  
l e t h a l  r e p o n e e  o f  b l u e  c r a b s  t o  c h l o r i n a t e d  s e a  w a te r  was s i m i l a r  t o  
t h e  r e s p o n s e  o f  c r a b s  e x p o s e d  t o  DDT. f o r  t h i s  r e a s o n ,  i t  i s
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e s p e c i a l l y  i n t e r e s t i n g  t h a t  t h e  e f f e c t s  o f  CIO on  o s m o r e g u l a t i o n  i n  
b g t h  C q l l l n e c t e a  and Cancer  bear a s t r i k i n g  r e a t t i b l a n c e  t o  r e s u l t s  
r e p o r t e d  by C a l d w e l l  (1974)  f o r  C an ce r  m a g i a t e r  e x p o s e d  t o  
m e t h o x y c h l o r . M ethoxychlor  a p p a r e n t l y  a l s o  i n t e r f e r e s  w i t h  Hg+ 2  
t r a n s p o r t  a c r o s s  th e  b l a d d e r  w a l l .  I t  seems l i k e l y  t h a t  CIO and 
c h l o r i n a t e d  h y d r o c a r b o n  p e s t i c i d e s  a c t  t h r o u g h  s i m i l a r  m e chan ism s .
The d e g r e e  o f  c h e m ic a l  s i m i l a r i t y  b e tw ee n  t h e  a c t i v e  CIO s p e c i e s  and 
t h e s e  p e s t i c i d e s  and e l u c i d a t i o n  o f  th e  t o x i c  mechanisms in v o l v e d  
r e q u i r e  f u r t h e r  S tu dy .
RESPIRATION
I n t r o d u c t i o n
S t u d i e s  w i th  f i a h  s u g g e s t  t h a t  one mode o f  a c t i o n  o f  CIO 
i n t o x i c a t i o n  i s  a s p h y x i a t i o n ,  r e s u l t i n g  from g i l l  damage a r  d i r e c t  
o x i d a t i v e  d osage  to  t h e  b lo o d .  CIO i n d u c e d  g i l l  doaage  in  v a r i o u s  
f i s h e s  has b een  o b s e rv e d  by S e r v i z i  and M ar tena  ( 1 9 7 4 ) ,  Cohen and 
V a l e n z u e l a  ( 1 9 7 7 ) ,  Bass  e t  a l .  ( 1 9 7 7 ) ,  Hiddaugh,  C rane ,  and Couch 
(197 7 ) ,  and Hiddaugh,  Couch and C rane  (1 9 7 7 ) .  D i r e c t  o x i d a t i v e  damage 
t o  t h e  b lood  has  been d e m o n s t r a t e d  by C r o t h e  and Raton  ( 1 9 7 5 ) ,  Buckley  
e t  a l .  ( 1 9 7 6 ) ,  and Z e i t o u n  ( 1 9 7 7 ) .  In a d d i t i o n ,  r e s p i r a t o r y  s t r e s s  
h a s  been i n f e r r e d  frotn b e h a v i o r  and h e m a t o l o g i c a l  c h a n g e s  in  CIO 
exposed  f i a h  (Bass  and H e a th ,  1977;  B l o c k ,  1977; Block e t  s i . ,  I97fl;  
Dandy,  1972; Z e i t o u n ,  1977,  197B).
In view of a l l  t h e  e v i d e n c e  t h a t  p o i n t s  t o  r e s p i r a t o r y  
d y s f u n c t i o n  in  some f i a h  exposed  to  CIO, i t  i s  s u r p r i s i n g  t h a t  few 
s t u d i e s  have a t t e m p t e d  t o  m easure  CIO e f f e c t s  on oxygen c o n s u m p t io n  in  
a q u a t i c  a n i m a l s .  Oxygen u p ta k e  o f  f i s h  under  t h e  i n f l u e n c e  o f  CIO has  
b een  d e t e r m in e d  on ly  f o r  P u n d u lu s  h e t e r o c l i t u a  (Capueao e t  a l . ,  1 9 7 7 ) ,  
L e ios tom us  x a n t h u ru s  (H iddaugh ,  1 9 7 9 ) ,  and g i l l s  o f  Catostoraue 
com aer so n i  (F o b e s ,  1971) ,  P r e d i c t a b l y ,  b o th  Fundu lus  and Le io s tom ua  
showed d e c r e a s e s  in  oxygen  u p ta k e  d u r i n g  e x p o s u r e .  C a to s tom us  g i l l s  
were u n a f f e c t e d  and,  q u i t e  p r o b a b l y ,  do no t  r e p r e s e n t  r e a c t i o n s  o f  th e  
i n t a c t  f i s h .
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E f f e c t s  o f  CIO o n  oxygen  c o n s m p t i o n  o f  a q u a t i c  i n v e r t e b r a t e s  i s  
e v e n  l e a *  w e l l  known. O n ly  l a r v a e  o f  K om arus  a m a r i c a n u a  h a v e  been  
t e s t e d  ( C i p u i i o  e t  a l .  , 1976;  C a p u i i o ,  1 9 7 7 ) .  S i g n i f i c a n t  r e d u c t i o n s  
i n  L a r v a l  r e s p i r a t i o n  r a t e s  were found  a f t e r  e x p o s u r e  t o  CIO. T h i s  
e f f e c t  i s  s i m i l a r  t o  t h a t  found i n  f i s h  a n d  s u g g e s t s  t h a t  t h e  mode o f  
t o x i c i t y  o f  CIO may aLso  be s i m i l a r .  To d e t e r m i n e  w h e t h e r  a mode o f  
t o x i c i t y  o f  CIO t o  a d u l t  b l u e  c r a b s t C a l l i n e c t e a  s a p i d u a , c o u l d  be 
i n h i b i t i o n  o f  oxygen  u p t a k e ,  t h e  f o l l o w i n g  s t u d y  was d e s i g n e d  to  
d e t e r m i n e  th e  e f f e c t s  o f  CIO on b l u e  c r a b  oxygen  c o n s u m p t i o n .  
D e t e r m i n a t i o n s  w ere  made a t  v a r i o u s  l e v e l s  o f  CIO and t i n e s  o f  
e x p o s u r e ,  u s i n g  c o n t i n u o u g - f L o w  and s t a t i c  r e  s p i r o m e t r y .
An a d d i t i o n a l  e x p e r i m e n t  was p e r f o r m e d  t o  d e t e r m i n e  i f  CIO 
a f f e c t *  v e n t i L a t i o n  r a t e s  in  b l u e  c r a b s .  S i n c e  v e n t i l a t i o n  r a t e s  i n  
C. a e p i d u a  i n c r e a s e  u n d e r  c o n d i t i o n s  o f  h y p o x i a  ( B a t t e r t o n  and 
Cam eron ,  1 9 7 S ) , t h e y  s h o u l d  L i k e w i s e  r e f l e c t  h y p o x i a  r e s u l t i n g  from 
g i l l  o r  b lood  damage c a u s e d  by CIO.  T h i s  r e a c t i o n  h a s  been  o b s e r v e d  
i n  f i s h  (D andy ,  19 72;  B a s s  and H e a t h ,  1977;  H id d a u g h ,  1 9 7 9 ) ,  b u t  c o u l d  
n o t  be d e m o n s t r a t e d  in  C a n c e r  p r o d u c t u s  ( R o e s i j a d i  e t  a l . ,  1 9 7 9 ) .
Method^
E x p e r i m e n t a l  A n im a ls
M atu re  f e m a le  b l u e  c r a b s  f o r  s t u d y  o f  s h o r t - t e r m  e f f e c t s  o f  CIO 
on oxygen  c o n s u m p t io n  w ere  o b t a i n e d  from t h e  C h e s a p e a k e  Bay p o t t i n g  
f i s h e r y .  M atu re  f e m a l e s  f o r  a l l  o t h e r  s t u d i e s  cane from t h e  d r e d g e  
f i s h e r y .  P o t t e d  c r a b *  p r o b a b l y  cam e from s a l i n i t i e s  b e tw e e n  20 and
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25 ° / o o  and t e m p e r a t u r e *  o f  15 t o  2 0 ' C ,  D redged  c r a b *  c a s e  f rom 
h ig h e r  s a l i n i t i e s  <20-30 ° / o o )  end lo w e r  t e m p e r a t u r e s  (< 5 " C ) .  Ko 
a t t e m p t  ha* b e e n  made t o  compare p h y s i o l o g i c a l  m e a su re m e n t*  be tw ee n  
th e  two p o p u l a t i o n * ,  bu t  c r a b e  from o n l y  o n e  g r o u p  h ave  b e e n  uaed  f o r  
a g iv e n  s e r i e s  o f  t e s t a .
P r i o r  t o  t h e i r  u se  a l l  c r a b s  w e re  h e l d  f o r  4 - 7  days  in  
r e c i r c u l a t e d  sea  w a t e r .  C rabs  were h e l d  a t  room t e m p e r a t u r e  ( l f l -2 0 * C  
fo r  t h o s e  u sed  i n  th e  s h o r t - t e r m  e x p e r i m e n t ;  1 4 - 1 7*C f o r  t h o s e  uaed in 
s u b s e q u e n t  e x p e r i m e n t s )  and  York R i v e r  s a l i n i t i e s  ( 1 9 . 5  t o  21.& ° / o o  
and 15.1  t o  1 9 . 4  'Voo ,  r e s p e c t i v e l y ) .  A l l  c r a b s  were  fed  s q u i d  d a i l y ,  
and t h e i r  c l aw s  were bound t o  p r e v e n t  c a n n i b a l i s m .
Exposure  S ys tem s
S h o r t - t e r m  e f f e c t *  o f  CIO on b l u e  c r a b  oxygen  c o n s u m p t i o n  w e re  
d e t e r m in e d  d i r e c t l y  in a c a n t  i t i u o u s - f  l o w - r e  s p i r o m e t e r  ( F i g u r e  3 3 ) .  
I n c u r r e n t  t o x i c a n t  was s u p p l i e d  from a h e a d e r  box (B) w h ic h  r e c e i v e d  
wate r  (A) from th e  d i l u t o r  s y s tem  p r e v i o u s l y  d e s c r i b e d .  T o x i c a n t  was 
s ip h o n ed  (C) i n t o  th e  i n f l u e n t  tube  <D) o f  t h e  a n im a l  c h a n b e r  ( E ) .  
I n c u r r e n t  f low r a t e  wa* r e g u l a t e d  by t h e  h e i g h t  o f  th e  e x c u r r e n t  t u b e
(F ) ,  Ambient  and chamber  oxygen  l e v e l s  w e re  m o n i t o r e d  u s i n g  YSI 5420
(G) and 542QA (H) oxygen p ro b e s  and YSI 54 oxygen  m e t e r *  ( l )  a t t a c h e d  
t o  a YSI 81A d u a l  c h a n n e l  r e c o r d e r  ( J > .  A p p r o p r i a t e  CIO l e v e l *  w ere  
o b t a in e d  by pumping s t o c k *  o f  v a r i e d  c h l o r i n e  c o n c e n t r a t i o n s  i n t o  t h e  
mix ing  box of  t h e  d i l u t o r  system and by a d j u s t i n g  t h e  d i l u e n t  f low 
(2040 m l /m in  f o r  h ig h  do*es  , 3000 mg/min f o r  low d o s e s ) .
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FIGURE 33. Schem atic r e p r e s e n ta t io n  o f  f lo w -th ro u g h  a p p a ra tu s  
to  d e te rm in e  O2 consum ption  in  C a l l ln e c te s  
s a p Id u s .
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S t a t i c  r e s p i r o m e t r y  was used t o  d e t e r m i n e  l o n g e r  t e n  e f f e c t *  o f  
CIO on b l u e  c r a b  oxygen  c o n s u m p t io n .  Crab* were  i n i t i a l l y  e x p o s e d  t o  
CEO i n  3 7 - l i t e r  t a n k * ,  u s i n g  a  d o p ing  s y s t e m  s i m i l a r  t o  t h a t  u s e d  in  
t h e  serum c o n e t i t u e n t  e x p e r i m e n t * .  T o x i c a n t  i n f l u e n t  r a t e *  were  
m a i n t a i n e d  a t  1 l i t e r / w i n .  A l l  tank*  were  v i g o r o u s l y  a e r a t e d .
V e n t i l a t i o n  r a t e *  were m easured  i n  t h e  a p p a r a t u s  shown i n  F i g u r e  
3 4 .  T o x i c a n t  e n t e r i n g  chamber  (A) f rom t h e  m i x i n g  b o x e s  (B) was 
m a i n t a i n e d  a t  a c o n s t a n t  l e v e l  in  chamber  (A) by s t a n d p i p e  (C K  The 
c r a b  pumped w a te r  from chamber (A) t o  chamber  (B) t h r o u g h  t h e  mask (E )  
a t t a c h e d  t o  th e  p ip e  t h r o u g h  t h e  d i v i d i n g  p a r t i t i o n .  The w a t e r  i n  
chamber  (D) w a s  m a i n t a i n e d  a t  a  l e v e l  e q u a l  t o  t h a t  o f  chamber  (A) by 
s t a n d p i p e  ( F K  O v er f lo w  from chamber  (D) was c o l l e c t e d  by t h e  t i p p i n g  
box  (G) w hich  h e ld  c « .  ISO ml* on a s i d e .  When i t s  c a p a c i t y  wa* 
r e a c h e d ,  t h e  t i p p i n g  box e m p t i e d ,  a l i g n i n g  i t s  o t h e r  s i d e  w i t h  t h e  
e f f l u e n t  from chamber (D ) .  Each t i p p i n g  e v e n t  a c t i v a t e d  t h e  m e rc u ry  
s w i t c h  (H) and was r e c o r d e d  ( I ) .
E x p e r i m e n t a l  P r o t o c o l s
S h o r t - t e r m  e f f e c t s  o f  CIO on th e  oxygen  c o n s u m p t i o n  o f  w h o le  
c r a b s  were d e t e r m in e d  by m o n i t o r i n g  oxygen  l e v e l s  ( m g / 1 ) in  t h e  
t h r e e - l i t e r  chambers  w h i l e  i n d i v i d u a l  c r a b s  w e re  b e i n g  e x p o s e d  t o  CIO.
Ten c r a b s  each  were exposed  t o  a h ig h  and a low d o s e .  A f t e r  c r a b s  
were  i n t r o d u c e d  to t h e  c h u b e r s ,  e x c u r r e n t  f lo w  was m o n i t o r e d  and 
a d j u s t e d  t o  ' v lO Q m l / m iu ,  The c r a b s  were e x p o s e d  t o  u n c h l o r i n a t e d  
w a t e r  f o r  two hours  from t h e  t ime t h e  oxygen  c o n c e n t r a t i o n  i n  b o t h
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FIGURE 34* Schem atic r e p r e s e n ta t io n  o f  a p p a ra tu s  used to  d e te rm in e  
v e n t i l a t i o n  r a t e s  In  C a l l ln e c te a  s a p ld u a .
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cham bers  b e c o «  r e l a t i v e l y  c o n s t a n t .  The w a t e r  was  t h e n  c h l o r i n a t e d  
f o r  two h o u r s .  At t h e  end o f  t h i s  p e r i o d  c h l o r i n a t i o n  was s t o p p e d ,
CIO l e v e l s  i n  t h e  cham bers  were  a l l o w e d  t o  d e c r e a s e  t o  u n d e t e c t a b l e  
L e v e l s ,  and  t h e  c r a b s  were exposed  t o  u n c h l o r i n a t e d  w a t e r  f o r  a f i n a l  
two h o u r s .  T h ro u g h o u t  e a c h  t e s t  a m b i e n t  oxygen L e v e l s  i n  t h e  h e a d e r  
t a n k s  were  m o n i t o r e d  a t  15 m i n u te  i n t e r v a l s .  E x c u r r e n t  f lo w  r a t e s  
were  d e t e r m i n e d  e v e ry  30 m i n u t e s .  T e m p e r a t u r e  was  m e a s u r e d  a t  t h e  
b e g i n n i n g  and  end o f  eac h  t e s t  end a t  t h e  b e g i n n i n g  and end  o f  e a c h  
c h l o r i n a t i o n  p e r i o d .  S a l i n i t y  was m e a s u r e d  a t  t h e  b e g i n n i n g  and e n d  
o f  each  t e s t .  CIO was m easured  a t  7 . 5  m i n u t e  i n t e r v a l s  d u r i n g  and 
a f t e r  c h l o r i n a t i o n  u n t i l  l e v e l s  becmne u n d e t e c t a b l e .  A f t e r  e a c h  t e s t  
t h e  c r a b s  were b l o t t e d  d r y  and w e ig h e d .
Each l o n g e r  t e rm  e x p e r i m e n t ,  e m p lo y in g  s t a t i c  r e s p i r o m e t r y „ 
r e q u i r e d  s i x t y  c r a b s  ( t e n  p e r  3 7 - l i t e r  t a n k )  t o  be s u b j e c t e d  t o  a 
s i n g l e  CIO l e v e l ,  w i t h  s i x t y  o t h e r s  s e r v i n g  as  c o n t r o l s .  T o t a l  
e x p o s u r e  t im e  was fou r  d ay s  fo l lo w e d  by a  r e c o v e r y  p e r i o d  o f  f o u r  
d a y s .  At two,  f o u r ,  s i x  and e i g h t  d a y s  p r e s e l e c t e d  random s a m p l e s  o f  
n i n e  d o s e d  and n i n e  c o n t r o l  c r a b s  w ere  e x t r a c t e d  f o r  d e t e r m i n a t i o n  o f  
oxygen  u p t a k e .  In  one e x p e r i m e n t  e m p lo y in g  o n ly  one e x p e r i m e n t a l  and 
one c o n t r o l  t a n k ,  p r e s e l e c t e d  sam ples  o f  f i v e  c r a b s  were t a k e n  a f t e r  
one d a y .  CIO l e v e l s ,  t e m p e r a t u r e ,  s a l i n i t y ,  d i s s o l v e d  oxygen  and 
m o r t a l i t y  were  measured t h r e e  t i m e s  d a i l y .  pH and f lo w  r a t e s  w e re  
m o n i t o r e d  once d a i l y .
The s t a t i c  r e s p i r o m e t e r  used t o  d e t e r m i n e  w ho le  c r a b  oxygen  
c o n s u m p t io n  i n  th e  l o n g e r  te rm  e x p e r i m e n t s  c o n s i s t e d  o f  t e n  c u b i c a l
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p l e x i g l a s  a n i m a l  cham ber*  ( v o lu m e  x “ 2930 m l ;  3D “ 8 . 8 ) subm erged  i n  
a w a t e r  b a t h .  T o  m a i n t a i n  a c c l i m a t i o n  c o n d i t i o n !  t h e  w a t e r  b a t h  vaa 
c o n t i n u o u s l y  s u p p l i e d  w i t h  u n c h l o r i n a t e d  d i l u t e n t  w a t e r  f rom t h e  
d o s i n g  s y s t e m .  Each a n i m a l  c h a n b « r  waa f i t t e d  a t  t h e  t o p  w i t h  a 
r u b b e r  s t o p p e r  c o n t a i n i n g  an o p e n i n g  f a s h i o n e d  from a B.O.D. b o t t l e  
n e c k .
At t h e  b e g i n n i n g  o f  eac h  d e t e r m i n a t i o n  a  c r a b  f rom t h e  
p r e s e l e c t e d  random s am p le  o f  n i n e  was p u t  i n t o  e a c h  cham ber  and was 
a l l o w e d  t o  a d j u s t  t o  t h e  a p p a r a t u s  f o r  30  m i n u t e s .  A t e n t h  cham ber  
was u sed  as  a b l a n k .  Chambers w e re  i s o l a t e d  w i t h  d a r k  p l a s t i c  
p a r t i t i o n s .  D u r i n g  t h e  a d j u s t m e n t  p e r i o d  t h e  c h a m b e r s  w e re  a e r a t e d  
and open  t o  t h e  w a t e r  b a t h .  A f t e r  t h e  a d j u s t m e n t  p e r i o d  a r u b b e r  
s t o p p e r  was i n s e r t e d  i n t o  t h e  f i r s t  cham ber  a l o n g  w i t h  a YSI 3420 
s e l f - s t i r r i n g  B .Q.D. oxygen  p r o b e  a t t a c h e d  t o  a YSI 34 oxygen  m e t e r .
A d i s s o l v e d  oxygen  (m g/1 )  r e a d i n g  was  t a k e n  f o l l o w i n g  e q u i l i b r a t i o n  by 
t h e  p r o b e .  The p r o b e  was t h e n  moved t o  t h e  s e c o n d  chm n b e r  f o l l o w i n g  
i n s e r t i o n  o f  i t s  s t o p p e r .  The f i r s t  cham ber  was p l u g g e d  w i t h  a B.O.D.  
b o t t l e  s t o p p e r .  The p r o c e d u r e  was r e p e a t e d  u n t i l  r u b b e r  s t o p p e r s  w e re  
i n  a l l  t h e  c h a m b e r s ,  S u b s e q u e n t  r e a d i n g s  f rom e a c h  ch a m b e r  r e q u i r e d  
o n l y  th e  rem ova l  o f  t h e  B.O.D. b o t t l e  s t o p p e r  and  i n s e r t i o n  o f  t h e  
p r o b e .  R e a d in g s  were  made i n  s e q u e n c e  t h r o u g h  f i v e  c y c l e s .
C u m u la t iv e  t i m e  from t h e  b e g i n n i n g  o f  e a c h  t e s t  was r e c o r d e d  a t  e a c h  
r e a d i n g .  A f t e r  e a c h  t e s t  t h e  c r a b s  w e r e  b l o t t e d  dry  and  w e ig h e d .
F o l l o w i n g  e a c h  d e t e r m i n a t i o n  o f  w ho le  c r a b  o x y g e n  c o n s u m p t i o n ,  
t h e  same c r a b s  w e r e  u s e d  t o  d e t e r m i n e  g i l l  r e s p i r a t i o n  on  a G i l s o n
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d i f f e r e n t i a l  r e i p i r o n e t e r .  The  second  g i l l  f rom  t h e  p o s t e r i o r  
C p l e u r o b r e n c h )  was removed f rom  th e  r i g h t  s i d e  o f  e a c h  c r a b ,  E ac h  
g i l l ,  r i n s e d  in  1 u i n - f i l t e r e d  York R i v e r  w a t e r ,  w as  p l a c e d  in  a 15 ml 
f l a s k  c o n f i n i n g  5 n l  u n c h l o r i n a t e d  1 p m - f i l t e r e d  York  R iv e r  w a t e r  i n  
t h e  b o t t o m  and i l  ml  o f  1Q{ KOH in  t h e  a i d e  a rm.  A f t e r  a t t a c h m e n t  t o  
t h e  r e s p i r o m e t e r ,  f l a s k s  were a l l o w e d  3 0  m i n u t e s  t o  e q u i l i b r a t e  a t  
lb * C .  A shake r  f r e q u e n c y  o f  80  s t r o k e s  p e r  m i n u t e  was u s e d .
F o l l o w i n g  e q u i l i b r a t i o n ,  s t a n d a r d  G i l s o n  t e c h n i q u e s  were u s e d  and 
c u m u l a t i v e  r e a d i n g s  o f  p i  o f  oxygen  c o n s u n e d  w e r e  made e v e r y  1 0  
m i n u t e s  f o r  90 m i n u t e s .  At t h e  end o f  e a c h  t e s t  t h e  g i l l s  were 
b l o t t e d  and d r i e d  t o  c o n s t a n t  w e i g h t .
To supplement t h e  oxygen c o n s u m p t i o n  s t u d i e s ,  a p r e l i m i n a r y  
e x p e r i m e n t  wsb p e r f o r m e d  to  d e t e r m i n e  t h e  e f f e c t s  o f  CIO on b l o o d  pH. 
pH 1 e v e l s  were d e t e r m i n e d  on t h e  b o t t o m  f r a c t i o n  o f  c e n t r i f u g e d  w ho le  
b l o o d  f rom  crabs  e x p o s e d  t o  CIO f o r  24 h o u r s .  A R a d i o m e t e r  b l o o d  gaa  
a p p a r a t u s  was used .
In t h e  v e n t i l a t i o n  e x p e r i m e n t s  e l e v e n  c r a b s  were ex p o s ed  t o  CIO 
i n  s e p a r a t e  t e s t s .  Each c r a b  waa f i t t e d  w i t h  a b a l l o o n  mask h e l d  in  
p l a c e  w i t h  5 -minu te  epoxy and was a t t a c h e d  t o  t h e  a p p a r a t u s .  C r a b s  
w ere  ex p o s ed  to  u n c h l o r i n a t e d  w a t e r  f o r  an  i n i t i a l  e i g h t  h o u r s ,  t h e n  
t o  c h l o r i n a t e d  w a t e r  f o r  e i g h t  h o u r s ,  f o l l o w e d  by an  e i g h t - h o u r  
r e c o v e r y  p e r i o d .  CIO L e v e l s ,  d i s s o l v e d  o x y g e n ,  pH, ammonia,  
t e m p e r a t u r e ,  and s a l i n i t y  were  m o n i t o r e d  f o r  e a c h  t e s t .  CIO demand by 
a n d  a m o n i s  ou tpu t  f rom  each  c r a b  were d e t e r m i n e d  by a s s e s s i n g  p r e -  
a n d  p o s t - c r a b  w a t e r .
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H i s t o l o g y
When g i l l s  ware  removed f o r  t h e  d e t e r m i n a t i o n  o f  t h e i r  o x y g e n  
c o n s u m p t i o n ,  t h e  o p p o s in g  g i l l  from t h e  l e f t  v i d e  o f  e a c h  c r a b  was 
p r e s e r v e d  in  D i e t r i c h ' s  f i x a t i v e  f o r  s e c t i o n i n g  and h i s t o l o g i c a l  
e x a m i n a t i o n ,  S i m u l t a n e o u s l y ,  m i s c e l l a n e o u s  g i l l s  w e re  examined  f r e s h  
u n d e r  430  X m a g n i f i c a t i o n .
Data A n a l y s i s
Ambient oxygen  l e v e l s  were p l o t t e d  on i n d i v i d u a l  r e c o r d i n g s  
( m g / 1 Oj v s .  t i m e )  from t h e  c o n t L n u o u a - f l o w  r e a p i r o m e t e r s . Bach 
r e c o r d i n g  was t h e n  d i v i d e d  i n t o  f i v e  s e c t i o n s  i n c l u d i n g  t h e  i n i t i a l  
u n c h l o r i n a t e d  p e r i o d ,  p e r i o d s  of  r i s i n g  CIO, p l a t e a u  CIO and d e c l i n i n g  
CIO and a f i n a l  u n c h l o r i n a t e d  p e r i o d  o f  r e c o v e r y *  A r e a s  be tw ee n  
Aibient and chmnber  oxygen l e v e l s  w r e  th e n  d e t e r m i n e d  f o r  e a c h  
s e c t i o n  on a N unon ics  model 237 g r a p h i c s  c a l c u l a t o r  ( e l e c t r o n i c  
p l a n i m e t e r ) .  Oxygen consumpt ion  r a t e  was com puted  f o r  eac h  s e c t i o n  
from t h e  f o l l o w i n g  fo rm ula :
0 2  c o n s m p t i o n  [p 1 / g ( » e t ) / h r  I -  C F
WT
A (qni^) :  s e c t i o n  a r e a  as  m e a s u r e d  by t h e  p l a n i m e t e r  ( s e e  a b o v e )
C [(mg) ( m i n ) / 1 0 0 0  m l ] ;  r e c o r d i n g  u n i t s  o f  s e c t i o n  a r e a
( c a l i b r a t i o n  f a c t o r )
F ( m l / m i n ) ;  f low r a t e  th r o u g h  chamber
W ( g )  l c r a b  wet  w eigh t
T ( m i n ) :  t o t a l  s e c t i o n  m i n u t e s
41940 -  c o n v e r s i o n  f a c t o r  ( 0 , 6 9 9  mi /mg x  1000 1/ml x 
60 m i n / h r )
W i th in  eac h  d o s e  l e v e l  a l l  p o s s i b l e  c o m p a r i s o n s  w e re  made maong 
t h e  i n i t i a l  u n c h l o r i n a t e d  ( c o n t r o l )  p e r i o d ,  t h e  p l a t e a u  CIO p e r i o d  and
1 0 1
t h e  u n c h l o r i n a t e d  r e c o v e r y  p e r i o d  u s i n g  S t u d e n t 1* t ~ t * * t  For p a i r e d  
o b s e r v a t i o n s .
R e g r e s s i o n s  o f  chamber  o x y g e n  l e v e l s  ( m g / I )  v e r s u s  t i m e  (m in )  
were u s e d  t o  d e t e r m i n e  oxygen  c o n s u m p t i o n  r a t e s  f o r  i n d i v i d u a l  c r a b s  
i n  t h e  s t a t i c  r e a p i r o m e t e r s  a c c o r d i n g  t o  t h e  f o l l o w i n g  f o r m u l a :
f I t  f  ^  t u  i (S (V j - -V -) -B ]Oj cons ixap t  i o n  [p l / g ( w e t ) / h r  ] ■ -------------------------c-------
S (m g/1000  m l / m i n ) :  s l o p e  o f  r e g r e s s i o n ;  x*m in ;
y"mg / 1 0 0 0  ml  
Vg- ( m l ) :  c h s o b e r  volume w i t h  s t o p p e r  i n s e r t e d  
Vc ( m l ) ;  c a l c u l a t e d  c r a b  volume ( L a i r d ,  u n p u b l i s h e d )  
fi ( u g / m i n ) :  r a t e  o f  c h a n g e  o f  oxygen  c o n t e n t  o f  b l a n k  c h am b er  
W ( g ) :  c r a b  w e t  w e i g h t
D i f f e r e n c e s  b e t w e e n  e x p e r i m e n t a l  and c o n t r o l  c r a b s  w ere  
d e t e r m i n e d  f o r  e a c h  s a m p l i n g  p e r i o d  by u s i n g  S t u d e n t ' s  t - t e s t  For 
i n d e p e n d e n t  o b s e r v a t i o n s .
R e g r e s s i o n  o f  oxygen  c o n s i s t e d  (j jI )  v e r s u s  t i m e  ( h r )  w e r e  u s e d  to  
d e t e r m i n e  r a t e s  o f  oxygen  c o n s u m p t i o n  f o r  i n d i v i d u a l  g i l l s .  S l o p e s  
( p i / h r )  were  c o n v e r t e d  t o  h i  d r y  g a s  a t  760 non Hg and i n s e r t e d  i n t o  
t h e  f a l l o w i n g  f o r m u l a :
. S — S v,Oj c o n s u n p t  i o n  (p 1 / g ( d r y  ) / h r  | "
Sg ( p l / h r ) ;  s l o p e  o f  r e g r e s s i o n  f o r  g i l l :  x * h r ;  y"ji 1
S|j ( p l / h r ) :  s l o p e  o f  r e g r e s s i o n  f o r  b l a n k s ;  x * h r ;  y " p l
W ( g ) :  g i l l  d ry  w e i g h t
D i f f e r e n c e s  i n  oxygen  c o n s i s t e d  b y  g i l l s  o f  e x p e r i m e n t a l  and 
c o n t r o l  c r a b s  were  d e t e r m i n e d  f o r  e a c h  s a m p l i n g  p e r i o d  by u s i n g  
S t u d e n t ’ s t - t e s t  f o r  i n d e p e n d e n t  o b s e r v a t i o n s .
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V e n t i l a t i o n  r a t e s  f o r  i n d i v i d u a l  c r a b s  were d e t e r m i n e d  by 
c o u n t i n g  t h e  nunber  o f  e v e n t s  on t h e  c h e r t  p a p e r ,  m u l t i p l y i n g  t h a t  
number  by t h e  v o lu a e  o f  o n e  s i d e  o f  t h e  t i p p i n g  box e n d  d i v i d i n g  by 
t h e  number  o f  m inu tes  s p a n n e d  on t h e  c h e r t  p a p e r .  C o m p a r i s o n *  o f  
v e n t i l a t i o n  r a t e s  among t h e  i n i t i a l  u n c h l o r i n a t e d  p e r i o d ,  t h e
c h l o r i n a t e d  p e r i o d ,  and t h e  f i n a l  u n c h l o r i n a t e d  p e r i o d  o f  t h e  t e s t
s e r i e s  w e r e  performed u s i n g  S t u d e n t ' s  t - t e s t  f o r  p a i r e d  c o m p a r i s o n s ,
R e s u l t *
A summary o f  t e a t  s y s t e m *  u sed  in  t h e  oxygen  c o n s u m p t i o n  s t u d i e s  
c a n  be  f o u n d  in  Tab le  13 .  CIO l e v e l *  a n d  o t h e r  h y d r o g r a p h i c  d a t a  
a p p e a r  i n  T a b l e  14.
S h o r t - T e r m  E f f e c t *  On Oxygen  C onsum pt ion
At t h e  low dose ( 0 . 6 3  m g C l^ /1 )  i n  t h e  f i r s t  e x p e r i m e n t *  u s i n g  
t h e  f l o w - t h r o u g h  r e s p i ro ro e  t e r ,  oxygen  c o n s u m p t i o n  d i d  n o t  change  
s i g n i f i c a n t l y  from th e  i n i t i a l  u n c h l o r i n a t e d  p e r i o d  
(x  ■ 1 3 5 .5  |Jl0 2 / g / h r ;  SD *  2 9 , 3 )  t o  t h e  p l a t e a u  CIO p e r i o d
(x  * 1 1 9 . 0  u l C ^ / g / h r ; SD ■ 3 0 .6 )  ( t  * 2 . 5 3 ;  p > 0 . 0 2 )  b u t  showed a
d e c r e a s e  f r o m  b o th  o f  t h e s e  to  t h e  r e c o v e r y  p e r i o d  
£5 ■ 9 7 . 3  u l O j / g / h r ;  SD ■ 1 7 . 0 )  ( t  ■ 6 , 2 7 ,  3 . 6 2 ,  r e s p e c t i v e l y ;
p < 0 . 0 1 ) .
At t h e  h ig h  dose ( 0 . 7 9  n g C l j / 1 )  i n  t h e  s e c o n d  e x p e r i m e n t ,  oxygen 
c o n s u m p t i o n  d e c r e a s e d  f ro m  t h e  i n i t i a l  u n c h l o r i n a t e d  p e r i o d  
(if * 1 3 4 .7  jj l O y / g / h r ;  SD *  2 0 , 8 )  t o  t h e  p l a t e a u  p e r i o d
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( I - 1 1 4 . 9 U  U ^ / g / h t ;  SD ■ 14 ,7}  ( t  -  3.  H i  p < 0 . 0 2 3 .  The d e c r e a s e  
{ r e l a t i v e  t o  t h e  i n i t i a l  p e r i o d )  p e r s i s t e d  I n t o  t h e  r e c o v e r y  p e r i o d  
(■ ■ 1 1 4 . 4  u l O j / g / h r ^  SD ■ 1 7 . 6 )  ( t  “ 4 . 1 2 ;  p <. Q . O l ) ,  T h e r e  was n o  
d i f f e r e n c e  Between v a l u e 6  f rom t h e  p l a t e a u  end r e c o v e r y  p e r i o d *
( t -  0 . 0 9 ;  p > 0 . 5 ) ,
T h r e e  t e s t *  w ere p e r fo rm e d  w i t h o u t  c h l o r i n a t i o n  to  d e t e r m i n e  
w h e t h e r  t i m e  a l o n e  was r e s p o n s i b l e  For o b s e r v e d  c h a n g e *  in  oxygen 
c o n a u a p t i o n .  Oxygen c o n e u s p t i o n  d i d  n o t  v a r y  s i g n i f i c a n t l y  among t ime 
p e r i o d *  e q u i v a l e n t  t o  t h o s e  com pared  i n  t h e  c h l o r i n a t e d  t e s t a  
( p  > 0 . 0 5 ) .
L o n g e r  Term E f f e c t  a On Oxygen Cans  tanpt i o n
In  t h e  t h i r d  (one d a y )  e x p e r i m e n t ,  u s i n g  t h e  s t a t i c  
r e  s p i r e m e  t e n , c r a b s  were e x p o s e d  t o  0 . 3 1  m g C l j / l .  Oxygen c o n a i a n p t io n  
o f  e x p o s e d  c r a b s  ( 4 4 .7  p l O j / g / h r ;  SD * 1 0 . 4 )  was n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  of  th e  c o n t r o l s  ( 5 9 . 8  h N ^ / g / h r ;  SD ■ 1 4 . 2 )
I t  -  1 . 9 2 ;  p > 0 , 0 5 ) .
I n  t h e  f o u r t h  and f i f t h  e x p e r i m e n t s  c r a b s  w e r e  e x p o s e d  t o  
0 , 2 7  m g C l j / l  and 0.  99 m g C ^ / I  r e s p e c t i v e l y .  In t h e  f o u r t h  e x p e r i m e n t  
o x y g e n  c o n s u u p t i o n  d i d  n o t  d i f f e r  b e t w e e n  e x p e r i m e n t a l  and c o n t r o l  
c r a b s  e i t h e r  d u r i n g  th e  e x p o s u r e  p e r i o d  t t  ■ 0 . 2 9 .  1 .0 9  For t h e  two 
s a m p l e  d a y s ,  r e s p e c t i v e l y ;  p > 0 . 2 ) o r  d u r i n g  t h e  r e c o v e r y  p e r i o d  
( t  * 0 , 0 5 ;  - 0 , 6 5 ;  p > 0 . 5 )  ( F i g ,  3 5 ) ,  G i l l  r e s p i r a t i o n  waa a l s o  
u n a f f e c t e d  ( t  ■ 0 . L 3 ,  1 , 2 5 .  0 . 2 2 ,  ^ 0 . 8 3 ,  r e s p e c t i v e l y ,  f o r  t h e  fou r  
s a m p l i n g  d a y s ;  p > 0 . 2 )  ( F i g .  3 6 ) .  In t h e  f i f t h  e x p e r i m e n t ,  no sample
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FIGURE ]5. Effects of CIO exposure (0.17 agC12/1) and recovery on whole crab o~gen consump~ion 
in C&llinec~es sapidus. 
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FIGURE 36. Effects of CIO ezposur.e (0.27 mgC1 2/l} and recovery on oxygen coti.SuDiptiDll of 
@XC.ise.d gills in callinecte.s sa.pidu.s. 
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was t a k e n  on  t h e  f o u r t h  r e c o v e ry  d a y  b e c a u s e  o f  h ig h  a o r t a l i t i e s  axong  
t h e  e x p e r i m e n t a l  c r a b s *  E x p e r i m e n t a l  c r a b s  f rom t h e  f i r s t  sa m p le  
t a k e n  d u r i n g  c h l o r i n a t i o n  showed h i g h e r  w h o le  c r a b  oxygen  c o n s u n p t i o n  
( 5 2 . 0  ( i l O j / g / h r i  SD ■ 6 , 3 )  t h a n  d i d  t h e  c o n t r o l s  ( 3 5 . 5  t j l O j / g / h r ;
SD * 9 . 3 )  ( t  ■ A . 39;  p < O.ODl) ( F i g .  3 7 )*  T h e r e  was ,  h o w e v e r ,  no 
e f f e c t  a n  t h e  l a s t  d a y  o f  c h l o r i n a t i o n  ( t  “  0 . 3 6 ;  p > 0 . 5 )  o r  on t h e  
s e c o n d  d a y  o f  r e c o v e r y  ( t  ■ - 1 . 2 6 ;  p 5 0 * 2 ) .  G i l l  r e s p i r a t i o n  was 
u n a f f e c t e d  t h r o u g h o u t  t h e  t e s t  ( t  ■ - 1 . 6 3 ,  ^ 0 , 6 3 ,  1*04,  r e s p e c t i v e l y ,  
f o r  t h e  t h r e e  s a m p l in g  d a y s ;  p > 0 . 1 )  ( F i g .  3 6 ) .
H i s t a p a t h o l o g y
F r e a h  T i s s u e —
G i l l s  f rom c r a b s  e x p o s e d  t o  2 7 , 9  p e q / 1  ( 0 . 9 9  mg/1)  h a d  a 
b l e a c h e d  a p p e a r a n c e  a f t e r  two d a y s .  M i c r o s c o p i c  e x a m i n a t i o n  o f  
i n d i v i d u a l  p l a t e l e t s  showed an o p t i c a l l y  d e n s e r ,  p o s s i b l y  t h i c k e n e d  
a r e a  a t  t h e  c e n t e r ,  E x t e n t  o f  t h i s  a r e a  v a r i e d  somewhat among g i l l s .
I n  a d d i t i o n ,  t h e  n o r m a l l y  r e t i c u l a r  p a t t e r n  o f  c e l l s  i n  t h e  o u t e r  
p o r t i o n s  o f  t h e  p l a t e l e t s  seem ed d i s r u p t e d .  T h ese  e f f e c t s  p e r s i s t e d  
i n t o  t h e  r e c o v e r y  p e r i o d .
F i x e d  T i s s u a - -
G i l l  t i s s u e s  were  f i x e d  in  D i e t r i c h ' s  f i x a t i v e ,  s t a i n e d  w i t h  
M a y e r ' s  h e m a t o x y l i n ,  A s t r a  b l u e  E o x in  Y, and s e c t i o n e d .  E x a m i n a t i o n  
o f  g i l l  t  La flues w i t h  a  light m i c r o s c o p e  revealed no p a t h o l o g i c a l  
c h a n g e s .
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FIGURE 37. Effects of CIO exposure {0 .. 99 ra&Cl:z/1) and recovery on 'Whole crab cmygl!:ll CQnsuaptiou 
in Callinectes sapiduQ. 
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FIGURE 38. Effects of CIO exposure (0.99 mget2/1) and recovery co oxygen consumption of excised 
gills in C&llinectes ~ap_id_~. 
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The c o n t i n u o u s - f l o w  e x p e r i m e n t  a a l l o w e d  a c r u d e  e s t i m a t e  t o  be 
made o f  t h e  a o u n t  of  CIO r e q u i r e d  f o r  c r a b *  t o  w i t h d r a w  t h e i r  
a n t e n n u l e * .  Permanent  w i t h d r a w a l  wa* c a u s e d  by 0*22 m g C l j / I  a t  
21 .5 +_ L S ' C ,
V e n t i l a t i o n
V e n t i l a t i o n  r a t e s  were  d e t e r m i n e d  f o r  e l e v e n  c r a b s  e x p o s e d  to  
CIO r a n g i n g  f rom 0 . 3 3  t o  1 . 6 3  m g C ^ / l  t *  ■ 0 - 8 4  m g C l j / l )  (27*C,
18 ° / o o )  ( T a b l e  153. P a i r e d  c o m p a r i s o n s  showed no d i f f e r e n c e s  b e tw e e n  
th e  i n i t i a l  p r e - c h l o r i n a t i o n  p e r i o d  and t h e  c h l o r i n a t i o n  p e r i o d  
( t  ■ 1 . 8 9 ,  p > 0 . 0 5 )  o r  be tween  t h e  c h l o r i n a t i o n  p e r i o d  and t h e  
p o a t - c h l o r i n a t L o n  p e r i o d  ( t  ■ 1 . 4 7 ,  p > 0 . 0 5 ) .  I n d i v i d u a l  r e s p o n s e s  
were  h i g h l y  v a r i a b l e ,  r a n g i n g  from s t e e p  i n c r e a s e s  t o  s t e e p  d e c l i n e s  
in v e n t i l a t i o n  r a t e s  when t h e  CIO was i n i t i a l l y  i n t r o d u c e d  i n t o  t h e  
cham ber .  S i m i l a r  v a r i a b i l i t y  i n  r e s p o n s e s  was n o t e d  when t h e  CIO was 
t u r n e d  o f f .  T y p i c a l  r e s p o n s e *  can be seen  i n  F i g u r e  39.  CIO 
c o n c e n t r a t i o n  d i d  not  seem t o  be a f a c t o r  i n  any o f  t h e  r e s p o n s e s  
o b s e r v e d  *
CIO donand measured d i r e c t l y  f o r  th e  c r a b s  i n  th e  v e n t i l a t i o n  
s t u d y  r a n g e d  f rom 3 .42  f o r  c r a b  11 ( 0 . 3 3  m g C l j / l  m e a s u re d  CIO) t o  
5 8 , I t  f a r  c r a b  6  ( 0 .B] mgCLg/l m e asu re d  CIO) and  was p o s i t i v e l y  
r e l a t e d  t o  m e asu re d  dose  ( r  * 0 . 5 6 ;  t  ■ 4 . 6 6 ;  p < 0 . 0 0 1 ) .  R e g r e s s i o n  
a n a l y s i s  showed no  r e l a t i o n s h i p  be tween  CIO demand and v e n t i l a t i o n
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TABLE 15.  VENTILATION RATES OF BLUE CRABS 
C a l l i n e c t e a  S a p id u a  EXPOSED TO CIO
V e n t i l a t i o n  R a t e  t m l / m i n j  
C ra b  F r g - c h l o r I n f l C i a n  C h l o r i n a t i o n  P o s t - C h l o r i n a t i o n  CIO { lagGl^ /fT
1 1 3 7 .2 6 7 . 4 1 0 9 . 9 0 , 9 9
2 8 6 . 3 8 7 . 2 1 0 2 ,9 0 . 6 5
3 3 1 .7 3 2 . 0 5 2 , 9 1 . 2 1
4 8 6 . 4 109 .1 8 7 . 4 0 . 7 9
5 ■a m m 0 , 9 8
6 1 0 5 .9 9 9 . 7 1 1 4 . 0 0 .8 1
7 1 6 0 .2 119,  5 1 1 0 , 1 0 . 3 3
B 1 0 6 .9 7 7 . 0 1 0 9 .2 1 . 6 3
9 8 7 . 2 6 8 . 5 106 .5 0 . 6 8
1 0 1 6 2 .7 164.  7 2 6 5 , 0 0 . 6 3
11 1 5 1 .0 1 3 4 . 4 96 .1 0 . 4 9
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FIGURE 39+ E f f e c t *  of CIO (A -  0.68 nflCl2/L ; B * 1 .63 m ftC lg /l)  
on v e n t i l a t i o n  r a t e s  in  C a l l t n e c t e e  a a p ld u a .
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r a t e  ( r  ■ 0 , 4 1 ;  t  -  1 ,2 7 -  p > 0 , 2 0 ) .  Hie  r e  m i  no  n e g a t i v e  CIO demand 
i n  a n y  o f  t h e  v e n t i l a t i o n  t e a t *  ( s e a  a e r u x  c o n s t i t u e n t s  s e c t i o n ) ,
A q n o n ia  l e v e l s  i n  t h e  e x h e l e n t  w a t e r  o f  t h e  c r a b s  i n c l u d e d  i n p u t  
f r o m  t h e  c r a b ' s  g i l l s  and b l a d d e r .  T h e s e  l e v e l s  a r e  shown i n  T a b l e  
l b .  S p u r i o u s  mnatonia r e a d i n g s  c a u s e d  by c h l o r i n a t i o n  p r e c l u d e d  
m e a n i n g f u l  i n t e r p r e t a t i o n  of  t h e  d a t a .
D i s c u s s i o n
The i n t i a L  f l o w - t h r o u g h  o x y g e n  c o n s u i i p t  io n  e x p e r i m e n t s  s t r o n g l y  
s u g g e s t e d  t h a t  i n h i b i t i o n  o f  ox y g en  u p t a k e  m i g h t  h e  a m e c h a n i c s  o f  CIO 
t o x i c i t y  i n  t h e  b l u e  c r a b .  The d e c r e a s e  i n  o x y g e n  c o n s u m p t i o n  o f  
w h o l e  c r a b s  i n  t h e s e  t e s t s ,  f a l l o w e d  by an a p p a r e n t  l a c k  o f  r e c o v e r y ,  
was s i m i l a r  t o  e f f e c t s  found f o r  l o b s t e r  l a r v a e  by Capuxao ( 1 9 7 7 ) .  
H o w e v e r ,  t h e  e f f e c t  i n  th e  b l u e  c r a b  was  n o t  s u p p o r t e d  by f u r t h e r  
a t  ud t e a .
S u b s e q u e n t  s t a t i c  e x p e r i m e n t s  showed a  d i f f e r e n c e  in  o x y g e n  
c o n s u m p t i o n  r a t e s  b e t w e e n  e x p e r i m e n t a l  and c o n t r o l  c r a b s  in  o n l y  one 
sompLe g r o u p .  In  t h i s  c a s e  e x p o s u r e  t o  CIO seem ed  t o  s t i m u l a t e  oxygen  
c o n s u m p t i o n  r a t h e r  t h a n  i n h i b i t  i t  a f t e r  two d a y s  a t  0 . 9 9  r a g C l j / I ,
T h i s  e f f e c t  was a p p a r e n t l y  t r a n s i e n t ,  s i n c e  t h e r e  were  no d i f f e r e n c e s  
among w ho le  c r a b s  a f t e r  l o n g e r  e x p o s u r e  i n t e r v a l s ,  In  a d d i t i o n ,  t h e r e  
was no  e f f e c t  o f  CIO on  t h e  oxygen  c o n s u D p t i o n  o r  g r o s s  c e l l  
m o r p h o l o g y  o f  e x c i s e d  g i l l s  from t h e  same c r a b s ,  S in c e  s i g n i f i c a n t  
m o r t a l i t y  o c c u r r e d  i n  t h i s  e x p e r i m e n t ,  t h e  d a t a  s u g g e s t  t h a t  t h e  d e a t h
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TABLE 16.  AMMONIA LEVELS IN THE EXHALAWT 
WATER OF C a l l i r n c t e a  S a p i d u i  DURING THE VENTILATION TESTS-
Fta-CIO
6.6
1*6
3 . 0
L, 9 
2*0
1 5 . 0  
4 . 3
3 0 .1  
4*7
E x c r e t i o n  (u g /m in )  
CIO
0.0
0.0
3 , 9
n
0*5 
0.0 
0*0 
1 . 5 
1 . 3
a .  4
Po*t-CIO
3. 3 
1 .7  
10 .3
27 ,  7
0*0
6 . 3  
16.  7
5 . 3
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□f b l u e  c r a b s  e x p o s e d  t o  CIO i a  n o t  r e l a t e d  t o  i n h i b i t i o n  o f  
r e s p i r a t i o n .
The r e a s o n s  f o r  th e  d i f f e r e n c e s  i n  r e s u l t s  f rom t h e  f l o w - t h r o u g h  
end s t a t i c  oxygen consum pt ion  e x p e r i m e n t *  e r e  u n c l e a r .  I t  La p o s s i b l e  
t h a t  t h e  e f f e c t  i n  t h e  f l o w - th r o u g h  s y s t e m  was t r a n s i e n t  and  m e r e l y  a 
*rs h o c k "  r e a c t i o n  o f  t h e  c r a b  o f  s e n s i n g  CIO. S e v e r a l  c r a b s  t h r o u g h o u t  
t h e  s t u d y  were  o b s e r v e d  t o  c e a s e  v e n t i l a t i n g  f o r  a s h o r t  t i n e  
im m e d i a t e l y  a f t e r  CIO was i n t r o d u c e d *  Such a r e a c t i o n  c o u l d  h ave  
r e s u l t e d  in  an a p p a r e n t  d e c r e a s e  i n  t h e  r a t e  o f  oxygen  c o n s u m p t i o n  
when a v e ra g ed  o v e r  t i m e .  Another  f a c t o r  c o u l d  have b e e n  t h a t  t h e  
c r a b s  i n  t h e  f l o w - t h r o u g h  sys tem were t e s t e d  d u r i n g  CIO e x p o s u r e  w h i l e  
t h o s e  in  t h e  s t a t i c  e x p e r i m e n t s  were t e s t e d  in C I O - f r e e  w a t e r  a f t e r  
h a v i n g  been c o n d i t i o n e d  to C I O - f r e e  w a t e r  f o r  30 m i n u t e s .  S i m i l a r  
t r e a t m e n t  o f  c r a b s  f o r  p r e l i m i n a r y  b lood  pH m e a s u re m e n t s  r e s u l t e d  in  
t h e  r e t u r n  o f  C lO - in d u c e d  lowered pH l e v e l s  t o  n e a r  c o n t r o l  l e v e l s  
a f t e r  l e s s  t h a n  two h o u r s  in  C I O - f r e e  w a t e r .  I t  i s  p o s s i b l e  t h a t  t h e  
a c i d o s i s  was l i n k e d  t o  hypox ia  and t h a t  a s i m i l a r  r e c o v e r y  i n  oxygen  
u p t a k e  c a p a b i l i t y  o c c u r r e d  in  t h e  c r a b s  t e s t e d  in  t h «  s t a t i c  
r e s p i r o m e t e r s .
I t  i s  a p p a r e n t  t h a t ,  a t  l e a s t  under  t h e  c o n d i t i o n s  o f  t h i s  
s t u d y ,  t h e r e  i s  no permanent  e f f e c t  o f  CIO on t h e  oxygen  c o n s u m p t i o n  
o f  a d u l t  b lu e  c r a b s .  Th is  c o n c l u s i o n  d u es  n o t  a g r e e  w i t h  r e s u l t s  
r e p o r t e d  e l s e w h e r e  fo r  f i s h  ( Capuaro  e t  *1 *, 1977;  B lo c k  e t  a l * ,  1978> 
and  L o b s te r  l a r v a e  (Capuxgu,  1977) .  Whether  i t  a p p l i e s  t o  o t h e r  a d u l t
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c r u s t a c e a n s  e q u a l  i n  a i a e  t o  o t  l a r g e r  t h a n  t h e  t h e  b l u e  c r a b  i a  
p r e s e n t l y  unknown.
I t  was t h o u g h t  t h a t  t h e  t o l e r a n c e  o f  b l u e  c r a b  r e s p i r a t i o n  to  
CIO m i g h t  be t h e  r e s u l t  o f  c o m p e n s a t o r y  v e n t i l a t o r y  r e s p o n s e s .
H o w e v e r ,  t h i s  h y p o t h e s i s  was n o t  s u p p o r t e d  by t h e  d a t a .  V e n t i l a t i o n  
r a t e s  w e re  n o t  a f f e c t e d  by CIO. The r e s u l t s  were  c o n s i s t e n t  w i t h  
t h o s e  r e p o r t e d  f o r  a d u l t  C a n c e r  p r o d u c t u s  ( R o e s i j a d i ,  1979) and 
c o r r o b o r a t e  t h e  a p p a r e n t  l a c k  o f  an e f f e c t  o f  c h l o r i n a t e d  s e a  w a t e r  o n  
b l u e  c r a b  r e s p i r a t i o n  ( B a t t e r t o n  and C am ero n ,  1 9 7 8 ) .
The r e l a t i v e l y  h i g h  t o l e r a n c e  o f  l a r g e r  a d u l t  c r u s t a c e a n s  such  
a s  t h e  b l u e  c r a b  and C a n c e r  p r o d u c t  us ( R o e s i j a d i  e t  a l . , 1979) t o  CIO 
nay  r e s u l t  from t h e  r e s i s t a n c e  o f  t h e  c u t i c u l a r i z e d  r e s p i r a t o r y  
s u r f a c e s  t o  i n j u r y  from CIO. T h i s  h y p o t h e s i s  would  f i t  t h e  l a c k  o f  
g i l l  h i a t o p a t h o l o g y  o b s e r v e d  a t  CIO c o n c e n t r a t i o n s  h i g h  enough to  
c a u s e  m o r t a l i t y  i n  t h e  c r a b s .  S i m i l a r  p r o t e c t i o n  may n o t  be a f f o r d e d  
by t h e  t h i n n e r  c u t i c l e  i n  s m a l l e r  c r u s t a c e a n s  and i s  n o t  a v a i l a b l e  t o  
t h e  g i l l s  o f  f i s h .
GENERAL DISCUSSION
The f o r e g o i n g  s t u d y ,  a t  we l l  e t  o t h e r  c o n t e m p o r a r y  end p r e v i o u s  
a t  Lid i c e  by o t h e r  a u t h o r s  u s i n g  c h l o r i n a t e d  t e i  n i t e r ,  was h a n d i c a p p e d  
t h r o u g h o u t  by t h e  f a c t  t h a t  the a c t u a l  t o x i c a n t  was unknown. The 
p r e s e n t  l a c k  o f  d e f i n i t i v e  knowledge a b o u t  t h e  a p p a r e n t l y  complex 
r e a c t i o n s  o f  c h l o r i n e  w i t h  se« w a te r  p r e s e n t s  s i g n i f i c a n t  p ro b lem s  t o  
r e s e a r c h e r s  a t t e m p t i n g  t o  a i s e s e  th e  e f f e c t s  o f  c h l o r i n a t e d  s e a  w a t e r  
o n  o r g a n i s m s .  The  o v e r a l l  ig n o ra n c e  o f  t h e  a c t u a l  p r o d u c t s  formed 
w hen  s e a  w a t e r  i s  c h l o r i n a t e d  i s  compounded by t h e  v a r y i n g  
p r e d o m i n a n c e  o f  p r o d u c t s  e x p e c te d  w i th  d i f f e r i n g  c o m b i n a t i o n s  o f  
f a c t o r s ,  i n c l u d i n g  t e m p e r a t u r e ,  s a l i n i t y ,  pH, l i g h t ,  o r g a n i c s ,  a p p l i e d  
c h l o r i n e ,  ammonia , c h l o r i n e  v s .  ammonia r a t i o ,  and t i m e .  The a c t u a l  
t o x i c  s u b  s t a n c e  c o u l d  v a r y  w i th i n  o r  Anong e x p e r i m e n t s  and n i g h t  n o t  
b e  r e p r e s e n t e d  by m e a s u r e m e n t s  of  CIO (Wong and D a v i d s o n ,  1977;
G o ld m a n  e t  i l ,  , 1 9 7 9 ) .  However, E p p ley  e t  a l ,  (L 976 )  c o n c l u d e d  t h a t  
n o  CIO i s  formed w h i c h  lb a c u t e l y  i n h i b i t o r y  to  p h y t o p l a n k t o n  
p h o t o s y n t h e s i s  a n d  n o t  m easured  by c u r r e n t  t e c h n i q u e s .
R e a c t i o n s  o f  c h l o r i n e  with  f r e s h  w a t e r  have r e c e i v e d  
c o n s i d e r a b l e  a t t e n t i o n  and  a r e  r ev iew ed  by Lewis ( 1 9 6 6 ) ,  Whi te  U 9 7 2 ) ,  
J o l l e y  ( 1 9 7 3 ) ,  and  H a r r i s  (1976) .  i n  d i s t i l l e d  w a t e r  t h e  p r i n c i p a l  
r e a c t i o n s  a r e
C l j  + HjO + ttOCl + H+ + C l “
and
HOC 1 t  H+ 4 0C1-
110
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The d i s s o c i a t i o n  o f  HOC! i n  d i l u t e  s o l u t i o n  i n c r e a s e s  w i t h  pH and  
t e m p e r a t u r e  ( H a r r i s ,  1976 ;  J o h n s o n ,  1 9 7 7 ) .  S u b s e q u e n t  r e a c t i o n s  w i t h  
ammonia i n  f r e s h  w a t e r  a r e  w e l l  known (W h i t e ,  1 9 7 2 ;  J o h n s o n ,  1 9 7 7 ) ,  
A d d i t i o n a l  i n v e s t i g a t i o n s  have shown r e a c t i o n s  o f  c h l o r i n e  w i th  amino 
a c i d s  ( B u r l e s o n  e t  a K ,  1970;  K a t e ,  1 9 7 7 ) ,  n u c l e o t i d e s  ( K a t z ,  1977 ;  
D en n is  e t  a l . ,  1 9 7 9 ) ,  p e p t i d e s  ( S t a n b r o ,  1977) ,  p h e n y l p r o p a n o i d s  (Hsu 
and S h i m i z u ,  1 9 7 7 ) ,  b i p h e n y l s  ( G a f f n e y ,  1977;  S m i th  e t  a l . ,  1 9 7 7 ) ,  
a r o m a t i c  amines  ( J e n k i n s  e t  a l , ,  197A; M o r r i s ,  1 9 7 6 ) ,  end a v a r i e t y  o f  
s i m i l a r  and  o t h e r  o r g a n i c s  ( J o l l e y ,  1975 ,  1977; J o l l e y ,  1976;  J o l l e y  
e t  a l , ,  1 9 7 8 b; Murphy e t  a l . ,  1975) i n  c h l o r i n a t e d  f r e s h w a t e r  w a s t e  
and c o o l i n g  w a t e r s .
R e a c t i o n s  o f  c h l o r i n e  in  and w i t h  s e a  w a te r  a r e  l e s s  w e l l  
u n d e r s t o o d  th a n  t h o s e  i n  f r e s h  w a t e r  a n d ,  e x c e p t  f o r  a n e c e s s a r i l y
s h o r t  t r e a t m e n t  by Lew is  ( 1 9 6 6 ) ,  h a v e  o n l y  r e c e n t l y  r e c e i v e d
s i g n i f i c a n t  a t t e n t i o n .  The c o m p le x i t y  o f  c h l o r i n e  r e a c t i o n s  in  s e a  
w a t e r  w as  s u g g e s t e d  by J o h s n n e s o n  (1 9 5 5 )  when he p o i n t e d  out  t h a t  s e a  
w a t e r  c o n t a i n s  6 B mg/1 bromide which r e a c t s  c o m p l e t e l y  w i th  c h l o r i n e  
t o  fo rm c h l o r i d e  i o n  and r e l e a s e  b rom ine  i n  th e  fo rm o f  hypobrotni  t e .
Thus
DC1~ + B r "  *  O B r “  + C l ~
and
H0C1 + B r“ £  HOBr + Cl~
HOBr *- OBr" + H+
I n  t h e  a b s e n c e  o f  a m i n o - n i t r o g e n  i n  s e a  w a t e r ,  t h e  c o n v e r s i o n  o f  
H0C1 t o  HOBr i s  991 c o m p l e t e  in  l e s s  t h a n  10 se c o n d s  a t  pH 8  ( c f ,  Wong
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and D a v i d s o n ,  1 9 7 7 ) .  C o n v e r s i o n  c i n e  i n c r e a s e s  i n  d e c r e a s i n g  s a l i n i t y  
and becom es  n e g l i g i b l e  i n  f r e s h  w a t e r  (Bugam a n d  He I s ,  1 9 7 7 ) .  In  t h e
p r e s e n c e  o f  ammonia i n  s e a  w a t e r ,  t h e  r e a c t i o n s
H0C1 + NH3  t  NHjCl + H*0
NH3  + HOBr t  NHjBr + ^ 2°
NH2Br + HOBr t  NHBr2  + HjO 
NHBr2  + HOBr t  HBrj + H2 0  
■eon t o  p r e d o m i n a t e .  The p r o p o r t i o n s  o f  t h e  i n d i v i d u a l  h a l o a m i n e  
p r o d u c t s  d e p e n d  on s a l i n i t y ,  pH, t e m p e r a t u r e ,  c o n t a c t  t i m e ,  and 
i n i t i a l  c h l o r i n e  t o  a s o o n i s  r a t i o  ( Inman and J o h n s o n ,  1 9 7 8 ) ,  On 
t h e o r e t i c a l  g r o u n d s ,  Bugom and H e l z  (1 9 7 7 )  c a l c u l a t e  t h a t  f o r  CIO 
c o n c e n t r a t i o n s  on  t h e  o r d e r  o f  1 , 0  m g C l j / l ,  f r e e  b r o m i n e  and 
b r a m a m in e s  p r e d o m i n a t e  a t  s a l i n i t i e s  above  0 , 3  Q/ o o .  At 3 5 ° / o o ,
1 . 0  n g / 1  o m i n o - n i t r o g e n  and pH 8 , a CIO c o n c e n t r a t i o n  o f  
1 m g C l j / l  s h o u l d  r e p r e s e n t  c a ,  751 NHBrjt  20X N H j B r , and  51 HBT3 . For 
0 , 0 1  mg/1 attknonia,  t h e  s p e c i e s  s h o u l d  be c a .  601  HOBr, 301  OBr^,  and 
10X N B r^ ,  NH2 Cl i s  p r o d u c e d  w i t h  0 . 1 5  m g / i  a nm on ia  and  
0 . 5  n g C l j / l  CIO, b u t  g r a d u a l l y  r e a c t s  w i th  8 r  t o  fo rm f r e e  a n d  
c o m b in ed  b r o m i n e  s p e c i e s .  The t h e o r e t i c a l  i m p o r t a n c e  o f  NH2 C1 a t  0 ,01  
and 1 . 0  mg/1 ammonia i s  n o t  c l e a r  from t h e i r  d i s c u s s i o n .  E x p e r i m e n t a l  
work by Inman and  J o h n s o n  (1 9 7 8 )  i n d i c a t e s  t h a t  a m i x t u r e  o f  NHBr2  and 
HHjCl forms i n  35 Q/ o o  w a t e r  when ammonia i s  0 . 5  i*g / l  o r  g r e a t e r  and 
t h e  c h l o r i n e  d o s e  i s  l e a s  t h a n  2 . 5  m g C l j / l . I f  ammonia i s  l e s s  t h a n  
0 . 6  mg/1 and  t h e  c h l o r i n e  d o s e  i s  s u f f i c i e n t l y  l a r g e ,  NBr] and  HOBr 
a r e  p r e d o m i n a n t . These  r e s u l t s  a r e  r o u g h l y  c o n s i s t e n t  w i t h  Sugam and 
H e l z ' s  ( 1 9 7 7 )  c a l c u l a t i o n s .
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One i m p l i c a t i o n  o f  Che p redom inan t  f o r m a t i o n  o f  Br(  + I ) o x i d a n t *  
o v e r  C l ( + i )  s p e c i e s  upon  s e a w a t e r  c h l o r i n a t i o n  i t  t h a t  t h e  
h a l o - o r g a n i c *  s u b s e q u e n t l y  p roduced  in  s e a  w a t e r  a r e  L i k e ly  t o  be  t h e  
b r o m i n e  a n a l o g s  o f  t h e  c h l o r o - o r g a n i c t  p r o d u c e d  in  c h l o r i n a t e d  f r e s h  
w a t e r  (D u u rsm a  and P a r a i ,  1976; S tig an  and  H e lm ,  1 9 7 7 ) -  S u p p o r t i n g  
e v i d e n c e  h a s  been  t h e  d e t e c t i o n  o f  b rono  p h e n o l  a (Sugam and  H e l l ,
1 9 7 7 ) ,  b r o m o f o n a ,  and  b ro m o c h lo ro ia e th a n e s  ( H e I t  and H su ,  1 9 7 6 ;
C a r p e n t e r  a n d  S m i th ,  1978)  i n  c h l o r i n a t e d  s e a  w a t e r .  Bean e t  a l .
( 1 9 7 8 )  i d e n t i f i e d  t w e l v e  b ro m i n a t e d  c o m p o n e n t s  and e l u t e d  a h o s t  o f  
o t h e r s  ( u n i d e n t i f i e d )  from c h l o r i n a t e d  s e a  w a t e r  by u s i n g  g a s  
c h r o m a t o g r a p h y *
B r o m i n e  h a l i d e  c o m p l e x e s ,  b r o m i t e ,  a n d  b ro m a te  have  a l s o  b e e n  
s u g g e s t e d  a s  r e a c t i o n  p r o d u c t s  o f  the  c h l o r i n a t i o n  o f  s e a  w a t e r .
H o w e v e r ,  h r  o m i t s  h a s  n o t  b e e n  d e t e c t e d  ( C a r p e n t e r  and  M a c a l a d y ,  1976) 
and b r o m i n e  h a l i d e  c om plexes  a r e  no t  f a v o r e d  above pH 6  (Sugara and 
H e l s ,  1 9 7 7 ) .  Bromate a p p a r e n t l y  forme when c h l o r i n a t e d  s e a  w a t e r  i s  
i r r a d i a t e d  by s u n l i g h t  (M aca lady  e t  a l . ,  197 7 ) ,  bu t  h a s  n o t  b e e n  
d e t e c t e d  i n  s e a  w a t e r  c h l o r i n a t e d  f o r  i n d o o r  l a b o r a t o r y  t e s t s  
( C a r p e n t e r  a n d  M aca lad y ,  1976;  Ubng and D a v i d s o n ,  1977;  Goldman e t  
a l . ,  1 9 7 9 ) .
The d i s a p p e a r a n c e  o f  c h l o r i n e  i n d u c e d  o x i d a n t *  o v e r  t i m e  a f t e r  
c h l o r i n a t i o n  o f  s e a  w a t e r  i a  a w e l l  known phenomenon t h a t  u s u a l l y  
o c c u r s  i n  two p h ases  (Wong and D av idson ,  1 9 7 7 ;  Goldman e t  a l . ,  1979:  
R o b e r t s  and  G l e e s o n ,  1978;  H e l l  e t  a l , , 1 9 7 8 ;  C a r p e n t e r  and  S m i t h ,
1 9 7 8 ;  E p p l e y  e t  s i . ,  1 9 7 6 ) .  The F i r s t  p h a s e ,  f a s t  d e c a y ,  t a k e s  up
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t o  two h o u r s  [ R o b e r t s  a n d  G l e a s o n ,  1976)  and  i s  t h o u g h t  t o  i n v o l v e  
s e l f  d e c o m p o s i t i o n  o f  h y p p h r o o o u s  a c i d ,  o x i d a t i o n  o f  c a r b o n  and 
n i t r o g e n  c o m p o u n d s ,  and s u b s t i t u t i o n  i n  r e a c t i o n s  w i t h  c a r b o n  ( H e I s  e t  
a l . ,  1 9 7 8 ) .  The o c c u r r e n c e  o f  a u t o d e c o n p o s i t i o n ,  h o w e v e r ,  i s  n o t  
c o n s i s t e n t  w i t h  t h e  d a t a  o f  Goldman e t  a l ,  {19791  * The  s e c o n d  p h a s e ,  
s lo w  d e c a y ,  i s  a p p a r e n t l y  c o n t i n u o u s  and r e l a t e d  t o  t h e  p r e s e n c e  o f  
b r o m i d e  (Wong a n d  D a v i d s o n ,  1 9 7 7 ;  Goldman e t  s i . ,  1 9 7 9 ) .  H e i r  e t  a l . 
( 1 9 7 6 )  f e e l  t h a t  t h e  s l o w - d e c a y i n g  o x i d a n t  c o n s i s t s  p r e d o m i n a n t l y  o f  
o r g a n i c  h a l s n i n e a .  R o b e r t s  and  C l e e s o n  ( 1 9 7 8 )  s u g g e s t  t h a t  s e v e r a l  
r e a c t a n t s ,  i n c l u d i n g  a m i n a t e d  d i s s o l v e d  o r g a n i c s  and r e d u c e d ,  
c o m p l e t e d  h e a v y  m e t a l s ,  may he  i n v o l v e d .  I t  i s  u n f o r t u n a t e  t h a t  
p r e s e n t  t e c h n i q u e *  do n o t  a l l o w  r e c o v e r y  and  a n a l y s i s  o f  m o s t  l o s t  CIO 
f rom  e i t h e r  p h a s e  (Wong and  D a v i d s o n ,  1977;  Goldman e t  a l . , 1 9 7 9 ) .
I t  c a n  be  s e e n  t h a t  t h e  CIO m e a s u r e d  d u r i n g  t h e  p r e s e n t  s t u d y  
c o u l d  e a s i l y  h a v e  r e p r e s e n t e d  v a r y i n g  t o x i c a n t  s p e c i e s  b o t h  w i t h i n  a n d  
b e t w e e n  e x p e r i m e n t  a .  A m a jo r  i m p l i c a t i o n  t o  be d raw n  f rom  t h i s  
p r o b l e m  i a  t h a t  c o m p a r i s o n s  b e t w e e n  s t u d i e s  s h o u l d  b e  p e r f o r m e d  w i t h  
c a u t i o n ,  s i n c e  v a r y i n g  h y d r o g r a p h i c  c o n d i t i o n *  c o u l d  c a u s e  d i f f e r e n t  
t o x i c a n t s  o r  m i x t u r e s  o f  t o x i c a n t s  t o  be  p r o d u c e d  by c h l o r i n a t i o n .  
T o x i c a n t s  c o u l d  a l s o  d i f f e r  b e c a u s e  o f  d i f f e r e n c e s  i n  w a s t e  p r o d u c t s  
and  s e c r e t i o n s  p r o d u c e d  by d i f f e r e n t  o r g a n i s m s  o r  by t h e  same 
o r g a n i s m s  a t  d i f f e r e n t  t i m e s  u n d e r  c h l o r i n a t i o n .  Such d i f f e r e n c e s  
c o u l d  o c c u r  b e t w e e n  s t u d i e s  o r  w i t h i n  a s i n g l e  e x p e r i m e n t .
My s t u d y ,  a s  w e l l  a s  t h a t  o f  R o e s i j a d i  e t  a l .  ( 1 9 7 9 ) ,  h a s  
i n d i c a t e d  t h a t  w i t h  l a r g e r  c r u s t a c e a n s  ( a t  l e a s t  b l u e  c r a b  s i r e )  t h e
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p r o b l e m  o f  t o x i c a n t  i d e n t i f i c a t i o n  i s  e v e n  m ore  com plex  b e c a u s e  t h e  
t o x i c a n t *  a p p e a r  t o  b e  a c t i n g  i n t e r n a l l y .  The t o x i c a n t s  p r o d u c e d  
a p p e a r  s i m i l a r  b u t  c o u l d  r e s u l t  from r e a c t i o n s  o f  CIO i n  s e a  w a t e r  
w i t h  any  o f  a l a r g e  number o f  o r g a n i c  com p o u n d s .  A c l u e  t o  t h e  
p o s s i b i l i t i e s  was  s e e n  i n  t h e  a i n i l a r i t y  o f  b l u e  c r a b  t o x i c i t y  c u r v e s  
and s c r i m  m a g n e s i u n  r e s p o n s e s  on e x p o s u r e  t o  CIO t o  t h o s e  p r o d u c e d  by 
e x p o s u r e  t o  c h l o r i n a t e d  h y d r o c a r b o n  p e s t i c i d e s .
S e v e r a l  p r e v i o u s  s t u d i e s  by o t h e r s  u s i n g  f i s h  as  w e l l  a s  
c r u s t a c e a n s  h a v e  i m p l i c a t e d  t o t a l  o s m o r e g u l a t o r y  f a i l u r e  o r  
r e s p i r a t o r y  f a i l u r e  a s  p r i m a r y  m echan ism s  o f  CIO t o x i c i t y .  T o x i c i t y  
was  j u d g e d  t o  h a v e  o c c u r r e d  p r i m a r i l y  b e c a u s e  o f  p h y s i c a l  o x i d a t i v e  
dam age t o  r e s p i r a t o r y  a n d / o r  o s m o r e g u l a t o r y  s i t e s  h a v i n g  d i r e c t  
c o n t a c t  w i t h  t h e  e x t e r n a l  m e d in n  and ,  h e n c e ,  w i t h  CIO. B e c a u s e  o f  t h e  
r e s u l t s  o f  t h e s e  s t u d i e s ,  i t  was a n t i c i p a t e d  t h a t  t h e  b l u e  c r a b  would  
b e  s i m i l a r l y  a f f e c t e d .  H ow ever ,  t h e  o n l y  c o n s i s t e n t  e f f e c t  o f  CIO on 
t h e  c r a b  was t h e  a p p a r e n t  d i s r u p t i o n  o f  s e r i m  magnesi ion r e g u l a t i o n .
T h i s  e f f e c t  i s  t h e  same a s  t h a t  found by R o e s i j a d l  e t  a l .  ( 1 9 7 9 )  f o r  
C a n c e r  p r o d u c t u s  and  i n d i c a t e *  t h a t  CIO h a s  a more s u b t l e  e f f e c t  on 
t h e  i n t e r n a l  o r g a n s  ( t h e  b l a d d e r )  of  t h e s e  forma r a t h e r  t h a n  d i r e c t l y  
d a m a g in g  t h e  g i l l s  o r  o t h e r  e x t e r n a l  o r g a n s .
I t  i s  c o n c e i v a b l e  t h a t  t h e  g e n e r a l  l a c k  o f  e f f e c t s  i n  mos t  o f  
t h e  s e r i n  c o n s t i t u e n t  e x p e r i m e n t s  r e s u l t e d  f rom an a b i l i t y  o f  t h e  b l u e  
c r a b  t o  c o m p e n s a t e  f o r  p e r t u r b a t i o n s  i n  o s m o r e g u l a t o r y  f u n c t i o n s .
Such  an a b i l i t y  t o  c o m p e n s a te  was i n d i c a t e d  by  some o f  t h e  serum 
c o n s t i t u e n t  r e s p o n s e s ,  and h a s  b een  d e m o n s t r a t e d  f a r  o s m o r e g u l a t i o n  i n
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b l u e  c r a b s  e x p o s e d  t o  DDT (K e u fe ld  end P r i t c h a r d ,  1979) , The f a c t  
t h a t  a p p a r e n t  c o m p e n s a t io n  f o r  e f f e c t s  on s e r i n  magnesium r e g u l a t i o n s  
d i d  n o t  o c c u r  s u g g e s t s  4  more d i r e c t  r o l e  f o r  t h i s  c o n s t i t u e n t  In  th e  
e r x i c  a c t i o n  o f  CIO. A s i m i l a r  c o n c l u s i o n  has  been  r e a c h e d  r e g a r d i n g  
se rum  magnesi tes  i n  o t h e r  decapods  exposed t o  bo th  CIO ( R o e s i j a d i ,  e t  
a l .  1979)  and m e t h o x y t h l o r  ( C a l d w e l l ,  1974) .
While d i s r u p t i o n  o f  magnee iua  r e g u l a t i o n  in  t h e  b l a d d e r  o f  
C a l l i n e c t e a  s a p i d u s  as  w e l l  a s  Cancer  p r o d u c tu s  cou ld  be t h e  mechanism 
o f  CIO t o x i c i t y ,  c o n f i r m a t i o n  r e q u i r e s  f u r t h e r  s t u d y .  CIO c o u l d  
a t t a c k  s e v e r a l  s i t e s  on th e  c r a b s ,  and th e  e f f e c t  on serisn magnesium 
l e v e l s  may r e p r e s e n t  on ly  one a s p e c t  o f  a g e n e r a l  d e t e r i o r a t i o n  in  
p h y s i o l o g i c a l  c o n d i t i o n .  I t  i s  d i f f i c u l t  t o  b e l i e v e ,  h o w e v e r ,  t h a t  
s u c h  a  d e t e r i o r a t i o n  would n o t  a f f e c t  r e s p i r a t o r y  f u n c t i o n ,  r e g u l a t i o n  
o f  o t h e r  i o n s ,  o r  l e v e l s  o f  t h e  o t h e r  sertsn c o n s t i t u e n t s  m easured  f o r  
t h e  b l u e  c r a b  d u r i n g  t h i s  s t u d y .
T h u s ,  u n d e r  t h e  range  o f  c o n d i t i o n s  e n c o u n t e r e d  i n  t h i s  s t u d y  
s e ru m  magnes ium was t h e  o n l y  i n d i c a t o r  of  s u b l e t h a l  e f f e c t s  of  CIO 
m e a s u r e d .  Whether  t h i s  r e a c t i o n  i s  s p e c i f i c  t o  CIO o r  o x i d a n t s  i n  sen 
w a t e r  a r  i s  a g e n e r a l  r e a c t i o n  t o  " s t r e s s "  i s  p r e s e n t l y  known. I t  i s  
o b v i o u s ,  h o w ev e r ,  t h a t  under c o n d i t i o n s  s i m i l a r  t o  t h o s e  o f  t h i s  s tudy  
none  o f  t h e  o t h e r  ser isn  c o n s t i t u e n t s  or  r e s p i r a t o r y  p a r a m e t e r s  
m e a s u r e d  would  be u s e f u l  as  an index o f  s u b l e t h a l  CIO t o x i c i t y .  Such 
s p e c i f i c i t y  o f  t o x i c  a c t i o n  h a s  been shown f o r  CIO and c h l o r i n a t e d  
h y d r o c a r b o n s  i n  o t h e r  decapods  ( R o e s i j a d i  e t  a l ,  1979; C a l d w e l l  1974) 
and p r o b a b l y  e x i s t s  f o r  many o t h e r  t o x i c a n t s  as  w e l l .
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C h l o r i n a t e d  s e a  w a t e r  would p r o b a b l y  on ly  r a r e l y  r e p r e s e n t  an 
a c u t e l y  t o x i c  medium f o r  b l u e  c r a b *  in  t h e  e n v i r o n m e n t .  The  9 6 - h r  
LC50 of  CIO f o r  b lu e  c r a b s  was  r e l a t i v e l y  h ig h  K l . O  tag C l j / l )  and  i t  
was shown t h a t  b l u e  c r a b s  c a n  t o l e r a t e  c o n c e n t r a t i o n s  a t  l e a s t  aH h i g h  
a s  0 , 6 0  m g C l j / l  f o r  4 d a y s  w i t h o u t  s i g n i f i c a n t  m o r t a l i t y .  L e v e l s  t h i s  
h i g h  would be e x p e c t e d  o n l y  r a r e l y  in  t h e  e n v i r o n m e n t .  A c c i d e n t a l l y  
h i g h  l e v e l s  may o c c u r  n e a r  o u t f a l l s ,  b u t  would be q u i c k l y  d i l u t e d .
In  a d d i t i o n  t o  b e i n g  h i g h l y  t o l e r a n t  t o  CIO, t h e  b l u e  c r a b  l a  
a p p a r e n t l y  a b l e  t o  d e t e c t  r e l a t i v e l y  s m a l l  q u a n t i t i e s  i n  t h e  w a t e r .  
O b s e r v a t i o n s  showed t h a t  s u f f i c i e n t  i r r i t a t i o n  t o  c a u s e  pe rm anen t  
a n t  ennui  e w i t h d r a w a l  was b r o u g h t  abou t  by as  l i t t l e  a s  0 . 2 2  m g C ^ / l .
T h i s  l e v e l  was w e l l  be low  l e v e l s  p r o d u c i n g  any m o r t a l i t y  o r  
p h y s i o l o g i c a l  e f f e c t s  i n  t h i s  s t u d y .  The a p p a r e n t  s e v e r i t y  o f  t h e  
i r r i t a t i o n  s u g g e s t e d  t h a t  b l u e  c r a b s  would p r o b a b l y  t r y  t o  a v o id  s e a  
w a t e r  c o n t a i n i n g  t h i s  l e v e l  ( a n d  p r o b a b l y  l e s s )  CIO, Such an 
a v o i d a n c e  r e a c t i o n  would p r o b a b l y  p r e c l u d e  the o c c u r r e n c e  o f  e f f e c t s  
r e s u l t i n g  f rom l o n g - t e r m  e x p o s u r e  t o  sub l e t h a l  l e v e l s  o f  CIO.
However ,  c o n f i r m a t i o n  o f  an a v o id a n c e  r e a c t i o n  o f  t h e  b l u e  c r a b  t o  CIO 
in  s e a  w a t e r  r e q u i r e s  f u r t h e r  s t u d y .
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